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ABSTRACT 
 
  The objective of this study was to determine the influence a dual respiratory 
and enteric pathogen challenge had on growth performance, carcass composition, and 
pork quality of high and low feed efficient pigs. It was hypothesized that pigs with 
greater feed efficiency would have a more negative response to an early growth period 
dual pathogen challenge than less feed efficient pigs. Pigs divergently selected for low 
and high residual feed intake (RFI, ~ 68 kg) from the 11th generation of Iowa State 
University RFI project were used to represent high and low feed efficiency. To elicit a 
dual pathogen challenge, half of the pigs (n = 12 / line) were inoculated with 
Mycoplasma hyopneumoniae (Mh) and Lawsonia intracellularis (MhLI) on days post 
inoculation (dpi) 0. Pigs in a separate room of the barn were not inoculated and were 
used as controls (n = 12 / RFI line). Pigs were weighed and feed intake was recorded to 
calculate ADG, ADFI, and G:F for the acclimation period (period 1: dpi -21 - 0), during 
peak infection (period 2: dpi 0 - 42), and during the remaining growth period to reach 
market weight (period 3: dpi 42 – slaughter). At ~ 125 kg, pigs were slaughtered using 
standard commercial procedures. Carcasses were evaluated for composition (weight, fat 
free lean, loin eye area, 10th rib fat depth) and meat quality (pH decline, temperature 
decline, Hunter L, a, and b, subjective color and marbling, star probe, drip loss, cook 
loss, proximate composition, and desmin degradation). Challenged pigs had reduced 
ADFI during period 2 (P < 0.05). However, pigs from the MhLI group had greater ADG 
and G:F during period 3 (P < 0.05). Selection for feed efficiency did not result in a 
differential response to MhLI (P > 0.05). Loin chops from the less feed efficient, high RFI 
xi 
 
 
pigs, had greater drip loss, greater cook loss, lesser % moisture, greater Hunter L values, 
and greater Hunter b values (P < 0.05) than chops from low RFI pigs. Infection status did 
not significantly affect carcass composition or pork quality traits (P > 0.05). Peak 
antibody response of Mh was correlated significantly with pH decline, temperature 
decline, color (Hunter L, a, and b), drip loss, cook loss, 10th rib back fat, % moisture, and 
% fat (P < 0.05). These results indicate that a MhLI challenge early in growth did not 
significantly impact ultimate carcass composition or meat quality traits. Further, 
selection for greater feed efficiency in pigs did not affect their response to pathogenic 
challenge. The antibody response correlations are indicative of a previously 
unrecognized relationship between a dual pathogen challenge early in growth and 
carcass composition and pork quality.  
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CHAPTER 1. GENERAL INTRODUCTION 
 
The hypothesis of energy resource allocation proposes that energy demanding 
processes (behavioral, physiological, or immunological), may be compromised in 
animals selected for high production efficiencies (Rauw et al., 1998; Rauw, 2012). The 
rationale for this hypothesis is that animals that are pre-dispositioned for efficient 
accretion of muscle and adipose tissue are less likely to divert nutrients to address other 
physiological stressors. The hypothesis of energy resource allocation has not been 
supported by inflammatory (Merlot et al., 2016) or viral (Dunkelberger et al., 2015) 
challenges in pigs divergently selected for residual feed intake (RFI).  
Residual feed intake is one trait that can be used as a model to test the resource 
allocation hypothesis. It is defined as the difference between observed and expected 
feed intake based on ADG and back fat (Koch et al., 1963; Kennedy et al., 1993). Low RFI 
(LRFI) animals are more feed efficient than their high RFI (HRFI) counterparts. Genetic 
variation of RFI is attributed to feeding behavior, maintenance requirements, nutrient 
digestion, energy homeostasis, and energy partitioning (Luiting, 1998).  
 Mycoplasma hyopneumoniae and Lawsonia intracellularis are two 
common pathogens encountered in commercial swine production (United States 
Department of Agriculture, 2016). To date, the extent to which dual pathogenic 
infection influences swine growth performance, carcass composition, and pork quality is 
poorly defined. Because carcass composition and quality influence value, it is important 
to define how production factors such as feed efficiency and pathogen challenges 
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influence them. Because pigs that demonstrate greater feed efficiency have fewer 
available resources to respond to dual pathogenic challenge, it is hypothesized that 
those pigs would demonstrate poorer growth performance, carcass composition, and 
pork quality in response to that challenge. Therefore, the objective of the study was to 
determine the influence a dual respiratory and enteric pathogenic infection had on the 
growth, carcass composition, and pork quality of pigs differing in RFI. 
Thesis Organization 
 
This thesis is organized into four chapters and an appendix. The format of all 
chapters is in line with the style and format of the Journal of Animal Science. Chapter 
one is a general introduction to the topic. Chapter two is a review of the literature 
relevant to the thesis topic. Chapter three, titled, “Effect of a dual enteric and 
respiratory pathogen challenge on swine growth efficiency, carcass composition, and 
pork quality”, is prepared for submission to the Journal of Animal Science. Chapter four 
provides general conclusions for the entire thesis. Appendix A contains correlations 
between carcass composition and meat quality traits. Appendix B contains abstracts and 
a short paper published by the author.    
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CHAPTER 2. REVIEW OF LITERATURE 
 
Introduction 
 Factors that influence livestock maintenance, growth, or lactation are considered 
production factors that include but are not limited to genetics (Young and Dekkers, 
2012; Knol et al., 2016), nutrition (Pettigrew and Esnaola, 2001), housing (Lebret, 2008; 
van de Weerd and Day, 2009), health status (United States Department of Agriculture, 
2016), and management strategies (D’Souza and Mullan, 2002). This review focuses on 
how health status and genetics contribute to the efficiency of growth in pigs. Efficiency 
is critical to ensure responsible use of resources and economic viability. Additionally, it is 
important to understand how production factors can influence the quality and value of 
the meat produced.  
 Meat producers are pressured by consumers to provide affordably-priced meat 
products. In return, pork producers focus their efforts on taking steps to continually 
improve the efficiency in which they feed, house, and handle their pigs. A primary focus 
of improving lean gain efficiency of pigs is to improve feed efficiency. Improved animal 
performance can be achieved in a variety of ways. The pork industry is currently working 
to improve growth efficiencies via enhancing gut health (feeding prebiotics, highly 
fermentable carbohydrates, probiotics, microbial transplants, etc.) (Fouhse et al., 2016), 
using precision technologies (monitoring and warning tools to improve response times 
to barn activities) (Vranken and Berckmans, 2017), improving maternal nutritional 
management and fetal programming (Du et al., 2017), and genomic selection (Knol et 
5 
 
 
al., 2016). These are just a few of the many mechanisms the pork industry is using to 
raise pigs more efficiently. One genomic selection model that has been investigated to 
select for improved feed efficiency uses residual feed intake (Cai et al., 2008).     
Residual Feed Intake 
Residual feed intake has been used to develop models to better understand 
genetic factors that influence the growth efficiency of poultry (Luiting, 1990), cattle 
(Herd et al., 2003), and pigs (Cai et al., 2008; Arkfeld et al., 2015). Residual feed intake is 
the amount of feed consumed by animals that differs from the amount of feed expected 
for specific growth performance (Luiting, 1990). Thus, low RFI (LRFI) animals are more 
efficient than their high RFI (HRFI) counterparts (Fig. 1) for a given weight gain and back 
fat, meaning LRFI animals require less feed to reach market weight. Selection for RFI in 
pigs is moderately heritable with estimates of 0.20 ± 0.06 (Young and Dekkers, 2012), 
0.29 ± 0.07 (Cai et al., 2008), and 0.24 ± 0.03 (Gilbert et al., 2007) have been reported.  
Feed efficiency represents the cumulative efficiency in which the pig utilizes 
dietary nutrients and energy for maintenance, skeletal muscle gain, and lipid accretion. 
Of the eighth generation RFI pigs (34 ± 4 kg BW), LRFI pigs consumed 16 % less feed (P = 
0.0175) for equivalent ADG compared to HRFI pigs (0.74 vs. 0.77 kg/d, respectively, P = 
0.67) (Grubbs et al., 2013b). 
There are two known herds of pigs that have been genetically selected 
specifically for feed efficiency based on RFI. The Institute National de la Recherche 
Agronomique (INRA) in France has divergently selected LRFI and HRFI lines since 
generation one (Lefaucheur et al., 2011; Faure et al., 2013). Iowa State University (ISU) 
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researchers have selected pigs for improved feed efficiency over 10 generations (Fig. 2) 
(Hsu et al., 2015). A control, randomly selected line was maintained for four 
generations. That line was used to select for and generate the HRFI line from generation 
5 – 10.  
Managing production factors to improve efficiencies can unintentionally impact 
another aspect of production in a negative way. Both ISU and INRA have documented 
the influence of selection for LRFI on carcass composition and meat quality. The traits 
evaluated are listed (Table 1). When evaluating the longissimus dorsi (LD), from ISU LRFI 
pigs, there were not differences in ultimate pH, color (L values), or star probe values 
(Smith et al., 2011; Arkfeld et al., 2015). There was a tendency for decreased calpain 
activity, increased calpastatin activity, more intact calpain (non-autolyzed) three days 
postmortem, less troponin-T degradation three days postmortem, and less desmin 
degradation five days postmortem (Smith et al., 2011; Arkfeld et al., 2015). No 
differences in drip loss (Smith et al., 2011) compared to control pigs and decreased drip 
loss (Arkfeld et al., 2015) compared to HRFI pigs were reported in loins from LRFI pigs. In 
contrast, loins from LRFI INRA pigs reported lower ultimate pH, lighter color, increased 
drip loss, and increased proportion of type IIB fibers (Lefaucheur et al., 2011). 
Autolysis of calpain-1 was decreased in low RFI pigs and less troponin-T 
degradation product was observed at 3 days postmortem (P < 0.05), indicating a slower 
rate of postmortem proteolysis during aging in the LRFI pigs. These data provide 
evidence that less protein degradation occurs in pigs selected for reduced RFI, and this 
may account for a portion of the increased efficiency observed in these animals (Cruzen 
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et al., 2013). The role of the calpain system in living muscle and in meat tenderization 
will be discussed more thoroughly in a later section. 
 Carcasses of LRFI pigs from previous generations had greater loin eye depth 
(Smith et al., 2011; Arkfeld et al., 2015) or the loin composed a greater percentage of 
the carcass (Lefaucheur et al., 2011; Faure et al., 2013) compared to loins from HRFI 
pigs. Fat depth, from carcasses of LRFI pigs, was not different than fat depth of HRFI pigs 
when pigs were fed with electronic, single-space feeders (Arkfeld et al., 2015), but fat 
depth of LRFI pigs was lesser than back fat of HRFI pigs when pigs were fed with 
commercial feeders (Arkfeld et al., 2015). Generation 4 and 5 LRFI pigs ate faster and 
spent less time eating than control counterparts when using electronic, single-space 
feeders (Young et al., 2011). This feeding behavior may partially explain the variation of 
back fat depth between previous generations of low and high RFI pigs. Fat composed a 
lesser percentage of the carcasses from LRFI compared to HRFI INRA pigs (Lefaucheur et 
al., 2011, Faure et al., 2013). In general, selection for LRFI in pigs as resulted in leaner 
carcasses compared to HRFI counterparts. 
The mitochondria may explain why these compositional differences exist 
between low and high RFI pigs. The mitochondrial protein profile of LRFI pigs showed an 
increase in anti-oxidant defenses and potential modifications of metabolic pathways 
leading to oxidative stress, metabolism, and cellular repair (Grubbs et al., 2013a). 
Selection for LRFI reduces the amount of H2O2 that leaks from the muscle mitochondria 
(Grubbs et al., 2013b). This reduction of H2O2 limits the abundance of free radical 
formation. Because reactive oxygen species cause oxidative damage of DNA, lipids, and 
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proteins, excessive amounts can interrupt calpain regulation by calpastatin. At pH 6.5 
and 7.5 in vitro, calpain-1 activity increases in the presence of H2O2 and calpastatin 
(Carlin et al., 2006). The combination of reduced H2O2 leakage and reduced calpain-1: 
calpastatin activity (Cruzen et al., 2013)  decreases the capacity for protein degradation 
during growth and therefore partially explains how the growth of LRFI pigs is more 
efficient than HRFI counterparts.  
 
 
Figure 1. Residual fee intake is calculated based expected average daily gain and back 
fat deposition. Pigs that eat less than expected have low residual feed intake (triangles), 
and their high residual feed intake counterparts eat more than expected for the same 
amount of body weight gain (circles). 
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Figure 2. Graphical representation of Iowa State University model for residual feed 
intake selection (RFI). Selection for low RFI (LRFI) was conducted over 10 generations, 
and selection for high RFI (HRFI) was conducted over 6 generations after 4 generations 
of random selection. At the 10th generation, the LRFI line had 241 g/d lower RFI (Hsu et 
al., 2015). 
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Table 1. Trait comparison between low and high residual feed intake (LRFI and HRFI, 
respectively) pigs over multiple studies and generations of selection. One (+) in each 
column signifies that trait was not different between lines. Two (++) indicates that trait 
for that RFI line was significantly greater than the other line.  
Trait Low RFI High RFI Generation Source 
Dressing % + + 6 (Faure et al., 2013) 
Fat depth 
 
 
Fat (% of carcass) 
+* 
+ 
+ 
+ 
+ 
++* 
++ 
+ 
++ 
++ 
5 
8 
8,9 
4 
6 
(Smith et al., 2011) 
(Arkfeld et al., 2015; exp.1 1) 
(Arkfeld et al., 2015; exp 2) 
(Lefaucheur et al., 2011) 
(Faure et al., 2013) 
Loin depth 
 
 
Loin (% of carcass) 
++ 
++ 
++* 
++ 
++ 
+ 
+ 
+* 
+ 
+ 
5 
8 
8,9 
4 
6 
(Smith et al., 2011) 
(Arkfeld et al., 2015; exp. 1) 
(Arkfeld et al., 2015; exp 2) 
(Lefaucheur et al., 2011) 
(Faure et al., 2013) 
Drip Loss, % + 
+ 
++ 
+ 
++ 
+ 
5 
8,9 
4 
(Smith et al., 2011) 
(Arkfeld et al., 2015; exp. 2) 
(Lefaucheur et al., 2011) 
Cook Loss, % + 
+* 
+ 
++* 
5 
8,9 
(Smith et al., 2011) 
(Arkfeld et al., 2015; exp. 2) 
Ultimate pH + 
+ 
+ 
+ 
+ 
+ 
++ 
++ 
5 
8,9 
4 
6 
(Smith et al., 2011) 
(Arkfeld et al., 2015; exp. 2) 
(Lefaucheur et al., 2011) 
(Faure et al., 2013) 
Subjective Color + ++ 8,9 (Arkfeld et al., 2015; exp. 2) 
Hunter L 
LM L* 
+ 
+ 
++ 
++ 
+ 
+ 
+ 
+ 
5 
8,9 
4 
6 
(Smith et al., 2011) 
(Arkfeld et al., 2015; exp. 2) 
(Lefaucheur et al., 2011) 
(Faure et al., 2013) 
Hunter a 
LM a* 
+ 
+ 
+ 
++ 
+ 
++ 
+ 
+ 
5 
8,9 
4 
6 
(Smith et al., 2011) 
(Arkfeld et al., 2015; exp. 2) 
(Lefaucheur et al., 2011) 
(Faure et al., 2013) 
Hunter b 
LM b* 
++* 
+ 
++* 
++ 
+* 
++ 
+* 
+ 
5 
8,9 
4 
6 
(Smith et al., 2011) 
(Arkfeld et al., 2015; exp. 2) 
(Lefaucheur et al., 2011) 
(Faure et al., 2013) 
Subjective 
Marbling 
+ ++ 8,9 (Arkfeld et al., 2015; exp. 2) 
 
 
    
11 
 
 
 
 
 
Table 1 (continued).  
 
Trait Low RFI High RFI Generation Source 
% Moisture ++ 
++ 
+ 
+ 
5 
8,9 
(Smith et al., 2011) 
(Arkfeld et al., 2015; exp. 2) 
% Total Lipid + 
+ 
+ 
++ 
++ 
++ 
5 
8,9 
4 
(Smith et al., 2011) 
(Arkfeld et al., 2015; exp. 2) 
(Lefaucheur et al., 2011) 
% Protein + + 8,9 (Arkfeld et al., 2015; exp. 2) 
Glycolytic 
potential2 
++ + 4 (Lefaucheur et al., 2011) 
Calpain-1 activity  +* ++* 7 (Cruzen et al., 2013) 
Calpain-2 activity +* ++* 7 (Cruzen et al., 2013) 
Calpain-1 
autolysis 
+ ++  8 (Cruzen et al., 2013) 
Calpastatin I 
activity 
++ 
+ 
+ 
+ 
5 
7 
(Smith et al., 2011) 
(Cruzen et al., 2013) 
Calpastatin II 
activity 
++ + 7 (Cruzen et al., 2013) 
Total Calpastatin 
activity 
+ ++ 7 (Cruzen et al., 2013) 
Calpain-
1:Calpastatin 
+ ++ 7 (Cruzen et al., 2013) 
Troponin-T 
degradation rate 
+ ++ 8 (Cruzen et al., 2013) 
Desmin 
degradation rate3 
+ ++ 8,9 (Arkfeld et al., 2015; exp. 2) 
Troponin-T 
degradation 
extent 
+ + 8 (Cruzen et al., 2013) 
Desmin 
degradation 
extent 
+ 
+ 
+ 
+ 
5 
8,9 
(Smith et al., 2011) 
(Arkfeld et al., 2015; exp. 2) 
Juiciness + 
++ 
+ 
+ 
5 
8,9 
(Smith et al., 2011) 
(Arkfeld et al., 2015; exp. 2) 
Tenderness + 
+ 
+ 
+ 
5 
8,9 
(Smith et al., 2011) 
(Arkfeld et al., 2015; exp. 2) 
Star Probe, kg + 
+ 
+ 
+ 
5 
8,9 
(Smith et al., 2011) 
(Arkfeld et al., 2015; exp. 2) 
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Table 1 (continued).  
 
Trait Low RFI High RFI Generation Source 
Myosin type I, % + 
+ 
+ 
+ 
5 
4 
(Smith et al., 2011) 
(Lefaucheur et al., 2011) 
Myosin type IIa, % + 
+ 
+ 
+ 
5 
4 
(Smith et al., 2011) 
(Lefaucheur et al., 2011) 
Myosin type IIb, % 
Myosin type IIbW, 
% 
+ 
++ 
+ 
+ 
5 
4 
(Smith et al., 2011) 
(Lefaucheur et al., 2011) 
* Indicates values differ by tendency (0.05 < P < 0.10). 
1Experiment number in the study. 
238 kDa desmin degradation product. 
3Expressed as µM of lactate equivalents/g fresh muscle. 
 
Pathogen Challenges- Impact of Growth and Composition 
Stress is a stimulus to an animal that disrupts homeostasis and results in one or 
more of the following three biological responses: 1) behavioral, 2) autonomic, or 3) 
neuroendocrine (Moberg, 1987). This response causes changes in biological functions to 
regain homeostasis. This shift of biological functions will cause resources to diverge 
from their original biological functions and may subsequently impair reproduction, 
cause inefficient metabolism, or increase susceptibility of the animal to disease, 
impairing animal welfare (Moberg, 1985; Moberg, 1987). Sometimes disruption of 
homeostasis is not easily detectable by casual observation of animals. Immunological 
stress occurs when pigs are exposed to a high number of pathogenic microbes through 
their environment and causes reduced growth performance (Johnson, 2012), even 
though visible signs of illness are not obvious to the animal caretaker. This is referred to 
as a subclinical challenge. A clinical pathogen challenge occurs when an immune 
response is elicited by pathogenic organisms and the standard visible symptoms are 
obvious to the animal caretaker (ie. coughing, lethargy, gauntness, diarrhea, etc.). 
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Infectious diseases caused by or resulting from pathogenic infection are one type 
of stressor that may have significant influence on animal performance. Commercial pigs 
raised in the United States are faced with a wide-array of diseases throughout growth. 
The United States Department of Agriculture (USDA) Swine Health and Management 
Report (2016) listed influenza, Porcine Reproductive and Respiratory Syndrome (PRRS), 
and Mycoplasma hyopneumoniae to be a problematic disease for more than half of 
grow/finish pig sites in the United States. Commonly, animals responding to diseases 
such as these will exhibit a loss of appetite, naturally causing feed intake reduction. For 
example, reduced feed intake due to PRRS virus, slows ADG (Dunkelberger et al., 2015) 
along with reducing other production efficiencies.  
Compensatory growth is defined as the physiological process in which animals 
accelerate growth, usually following a period of restricted development, to catch up to 
the weight of animals that were never restricted (Hornick et al., 2000). The mechanism 
by which this may occur is through a change in rate of muscle protein synthesis and 
degradation. The balance of protein synthesis and degradation is referred to as protein 
turnover. This alteration in protein turnover due to feed restriction has been 
documented in beef cattle and pigs. Jones et al. (1990) demonstrated elevated 
myofibrillar protein degradation in feed restricted beef cattle, after transitioning to an 
ad libitum diet, when compared to cattle fed ad libitum during the entire study. 
Similarly, Therkildsen et al. (2004) reported greater protein synthesis and degradation in 
swine LM at slaughter. Pigs demonstrated compensatory growth after transitioning 
from a 60 % ad libitum feed restriction diet to being fed ad libitum (Therkildsen et al., 
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2004). Kristensen et al. (2004)hypothesized that meat tenderness may be improved in 
animals that experienced greater muscle protein degradation during compensatory 
growth because postmortem protein degradation increases in response to greater 
protein degradation during compensatory growth. This was documented in pork from 
gilts that experienced compensatory growth. Pork was more tender when compared to 
gilts fed ad libitum (Kristensen et al., 2004). Therefore, animals undergoing 
compensatory growth, following feed restriction induced by a health challenge, may 
have altered protein turnover during growth and subsequently altered postmortem 
protein degradation and meat tenderness.  
Resource Allocation 
When animals reduce feed intake during a pathogen challenge, fewer nutrients 
are available from the feed. Because the nutrients and energy provided from the diet 
are pertinent to maintaining biological functions (maintenance, growth, immune 
response, etc.), the body will allocate energy and nutrients in three different ways. 
Proportional effects occur when input energy increases or decreases but the relative 
pattern of energy allocation remain mainly unaffected. Disproportional effects occur 
when input energy and the relative pattern of energy allocation are not affected. Trade-
off effects occur when input energy may not be affected but metabolic energy is 
preferentially allocated to a selected function at the expense of another (Wieser, 1994).  
 Pork producers emphasize various selection parameters when making breeding 
decisions to make quicker progress toward specific characteristics (birth weight, 
weaning weight, ADG, pork quality, etc.). This genetic selection causes animals to be 
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programmed to allocate resources to selected traits (Rauw et al., 1999). Activated 
immune systems, due to disease challenges, cause nutrient partitioning from growth to 
immune defense (Colditz, 2002). When selection emphasis is placed on production 
factors, resources may be allocated away from other functions. This may leave the 
animal less able to respond to demands, such as handling, disease or other 
environmental stress (Rauw et al., 1998). Variations in type and extent of pathogen 
challenge will influence how and where resources need to be allocated in the body. Two 
common pathogens in the U.S. commercial swine industry today are Mycoplasma 
hyopneumoniae (Mh) and Lawsonia intracellularis (LI) and will be further described 
below.  
Mycoplasma hyopneumoniae  
Infection with Mh causes enzootic pneumonia in swine (Goodwin et al., 1965; 
Mare and Switzer, 1965). Symptoms include sporadic, dry, and non-productive 
coughing. Along with slightly increased mortality rates, economic losses due to Mh can 
be attributed to reduced ADG and feed efficiency. The specific value in losses due to Mh 
is extremely variable between studies. A review by Straw et al., (1989) summarized 24 
studies and reported Mh infection reduced ADG between 2.8 – 44.1 %.  
More recently, Kim et al., (2011) reported growth performance responses in pigs 
that were health challenged with Mh and porcine circovirus 2 (PCV2). Non-vaccinated, 
challenged pigs had 21.54 % lesser ADG, 9.33 % lesser ADFI, and 13.29 % greater feed 
conversion ratio than control pigs. Grower pigs non-vaccinated and vaccinated for Mh 
and PCV2 (7 and/or 21 d) were inoculated at 42 d of age with Mh and PCV2. Non-
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vaccinated pigs produced less Mh antibodies at 63 (P < 0.001), 84 (P < 0.001), 112 (P = 
0.001), and 133 (P = 0.015) dpi (Kim et al., 2011).  Mh DNA load (log10 Mh genomic 
copies/ml) in nasal swabs of non-vaccinated pigs was greater than all other vaccinated 
treatment groups. Vaccinated pigs had higher ADG 28 – 63 dpi and 63 – 133 dpi when 
compared to non-vaccinated pigs. Vaccinated pigs also showed a reduction in gross lung 
lesion scores. Vaccinations for Mh and PCV2 are a valuable resource that pork producers 
can use to reduce devastation of disease on animal performance during a disease 
challenge. In the future, livestock producers may be pressured, from customers, to 
reduce or discontinue vaccinating their livestock. This will require producers to use 
alternative means to gain and maintain high herd health status. Overall, the impact of 
Mh infection results in decreased growth performance, including reduced ADG and 
ADFI. It may be suggested that the reduced growth performance due to Mh infection is 
partially attributed to energy and nutrient allocation away from protein accretion and 
toward mounting an immune response, but this mechanism needs further investigation.  
Lawsonia intracellularis 
 In the 1980’s, pig producers and researchers found naturally occurring 
proliferative enteritis (PE) in swine that had not yet been cultivated (Lomax and Glock, 
1982; Rowland and Lawson, 1986). Proliferative enteritis is characterized by lesions that 
cause thickening of the small and/or large intestine. These curved, rod-shaped 
structures were originally referred to as Campylobacter-like organisms because this 
intracellular bacterium had novel immunological and DNA probe reactions (McOrist et 
al., 1987; McOrist et al., 1989; Gebhart et al., 1991). Following improved classification, 
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Campylobacter-like organisms were named ileal symbiont intracellularis (IS-
intracellularis). When pigs were inoculated with IS-intracellularis, the development of 
proliferative enteropathy in the intestines did occur (McOrist et al., 1993). After further 
characterization by McOrist et al. (1995), the bacterium IS-intracellularis was named 
Lawsonia intracellularis. The name Lawsonia was given to honor the discoverer of the 
bacterium, G. H. K. Lawson. Using the meaning of intra (within) and cellula (cell), 
intracellularis refers to the presence of the organisms within the small intestinal 
enterocytes.  
 To define the effects of Lawsonia intracellularis bacterium on the ileum, pigs 
were inoculated, necropsied 3, 7, and 9 weeks later, and researchers found enlarged 
ileal crypts three weeks post inoculation (McOrist et al., 1996). These crypts contained 
proliferating and immature epithelial cells and lacked goblet cells and signs of apoptosis. 
At 7 and 9 weeks post inoculation, both enlarged, pale, and protruding epithelial cells 
were present along with cells that were shrunken and non-functional. Macrophages and 
normal goblet cells reappeared in the normal crypts. Fecal shedding of LI was detected 
1-2 weeks after inoculation and lasted for 12 weeks in pigs challenged with the 
pathogenic isolate (Guedes and Gebhart, 2003).  
RFI and Stress Interaction 
 Stress is a stimulus to an animal that disrupts homeostasis and the body 
responds by initiating changes in biological functions to regain homeostasis. Because 
selection for high or low RFI alters nutrient partitioning between production and 
maintenance, Merlot et al. (2016) hypothesized that the energy and protein metabolism 
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of low RFI pigs would be more affected by inflammation. Richardson and Herd (2004) 
hypothesized that susceptibility to stress is an important driver for many biological 
differences observed between cattle selected for high and low RFI. Variation within RFI 
can be caused by metabolic food demanding processes such as behavioral activity, 
responses to pathogens, and response to stress (Luiting, 1990). 
High and low RFI pigs (14.90 ± 0.02 kg BW) were evaluated over 8 days following 
inoculation with complete Freund’s adjuvant (CFA). This inoculation causes 
noninfectious lung inflammation. Along with measuring feed intake, plasma from pigs of 
fed or fasted states was used to determine haptoglobin content, glucose, urea, amino 
acid content, and amino acid composition. These data were used to assess the 
metabolic response of high and low RFI pigs to inflammation (Merlot et al., 2016). Feed 
intake was lowest the day after inoculation and was not different between RFI line 
(Merlot et al., 2016). Haptoglobin is used as a blood marker evaluating stress induced 
red blood cell breakdown. Haptoglobin content was lowest on the day of inoculation 
and was not different between RFI line. Blood glucose was measured during both a 
fasted and fed state. Glucose content was not different between line or days when 
evaluated during the fasted state but glucose concentration in the fed state was higher 
one day after inoculation than days 3, 5, and 7 in the high RFI line. Authors hypothesized 
this difference may be due to decreased dietary glucose uptake to re-establish glycogen 
pools in muscle and liver. Total amino acid concentration in blood plasma did not differ 
between RFI lines in the fasted state but was lower for LRFI pigs across all days 
compared to HRFI pigs. Merlot et al. (2016) concluded that selection for LRFI favored the 
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preservation of muscle protein accretion during inflammation, but because the effect of 
RFI line on these parameters was evaluated only during a state of inflammation, it 
cannot be concluded that these differences due to line would be the same or different 
when pigs are in a healthy state. Pigs of both low and high RFI lines coped similarly 
during the challenge.  
The response of low and high RFI pigs to infection is supported by data collected 
from low and high RFI pigs challenged with porcine reproductive and respiratory 
syndrome (PRRS) virus (Dunkelberger et al., 2015). Growth rate (ADG) of LRFI pigs was 
less affected than the growth rate of HRFI pigs during the infection.  Additionally, PRRS 
virus-specific IgG antibodies and total antibodies (7 – 11 dpi) were higher in LRFI pigs. 
Viral load tended to be less for LRFI pigs. It was concluded that LRFI selected pigs were 
no more affected by the PRRS virus infection than the less efficient pigs and arguably 
responded better and therefore, LRFI pigs are more likely to survive PRRS virus 
challenges compared to HRFI counterparts.  
Both studies (Dunkelberger et al., 2015; Merlot et al., 2016) provide evidence 
that selection for improved feed efficiency, through selecting for LRFI, does not hinder 
the ability of the pigs to respond to inflammation or PRRS virus challenge. Two primary 
schools of thought remain regarding this topic. First, it is not uncommon for commercial 
pigs to experience more than one pathogen infection at a time. This is referred to as a 
dual infection. It is still not known whether pathogen thresholds exist for the LRFI pigs, 
therefore it would be valuable to challenge low and high RFI pigs with a dual pathogen 
infection to see if their growth, feed intake, antibody responses, etc. are similar or 
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different than the responses to infection in previous works. The second school of 
thought involves understanding how production factors influence end product quality. It 
is known that pathogen infections generally reduce growth performance of pigs, but 
little is known about the role of these infections on carcass composition and meat 
quality. Because feed efficiency is a valuable trait from a resource and economic stability 
standpoint, further experiments are needed to understand how the growth 
performance, carcass composition, and meat quality of pigs with high or low feed 
efficiency are impacted by pathogenic infections during growth. 
Skeletal Muscle Composition 
To further investigate the impact of selection for improved feed efficiency and 
other growth performance traits, it is crucial to understand the basic structure and 
function of skeletal muscle. Muscle of mammals is composed of three distinct muscle 
types: cardiac, skeletal, and smooth. These muscles aid in blood circulation, support, 
movement, and other important metabolic processes. Because research associated with 
this review focuses on lean gain of skeletal muscle during growth and subsequent meat 
quality, emphasis is placed on skeletal muscle composition.  
Skeletal muscle tissue is composed of the sarcoplasmic, myofibrillar, and stromal 
proteins (see Clark et al., 2002 for review). Sarcoplasmic proteins compose 5.5 % of the 
total weight of muscle (Lawrie, 1975; Greaser et al., 1981). They are the most soluble, in 
salt solutions (< 0.05 M), of the three types due to the low ionic strength required to 
solubilize these proteins. This class of proteins includes several hundred molecular 
species (Lawrie, 2006). Myofibrillar proteins compose 11.5 percent of total muscle by 
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weight. Solubilization of these proteins requires a greater ionic strength (> 0.3 M) (Wu 
and Smith, 1987). Stromal proteins compose about 2 percent of total muscle by weight. 
Collagen, extracellular matrix proteins, and integral membrane proteins encompass 
most of the stromal proteins in muscle tissue. These proteins are nearly insoluble in 
neutral aqueous solvents.  
Skeletal muscle is a complex, interconnected network that acts to transform 
chemical energy into mechanical energy. That mechanical energy includes muscle 
contraction and relaxation required for movement, support, locomotion, balance, and 
coordination. To produce meat efficiently, focus should be placed on understanding 
skeletal muscle metabolism to improve lean muscle growth.  
Protein Turnover 
Protein turnover is the rate of protein synthesis and degradation in living skeletal 
muscle (Goll et al., 1998). This turnover is a key component of skeletal muscle growth 
rate as the rate of synthesis must exceed the rate of degradation for muscle growth to 
occur.  Generally, the greater the rate of synthesis exceeds the rate of degradation, the 
faster skeletal muscle will accrue. To improve skeletal muscle accretion, emphasis 
should be placed not only on improving the rate of protein synthesis but also decreasing 
the rate of protein degradation. This action will result in improved conversion efficiency 
of ingested nutrients to skeletal muscle (Goll et al., 1992; Goll et al., 1998). 
A key regulator of skeletal muscle synthesis is the mammalian target of 
rapamycin (mTOR); its regulation controls muscle protein deposition and therefore 
growth (Proud, 2006). The mTOR is an amino acid sensor that regulates muscle cell 
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growth by mediating signal transduction of multiple pathways (Hay and Sonenberg, 
2004; Kim and Kim, 2016). Ribosomal S6 kinase 1 (S6K1) and eukaryotic initiation factor 
4E-binding protein-1 (4E-BP1) are two well characterized downstream effectors for 
mTOR and are involved in regulating protein synthesis (Gingras et al., 2001; Nicklin et 
al., 2009). An example of upregulation of these effectors can be seen when evaluating 
neonatal pigs that had been supplemented with arginine. Both association of eIF4G with 
eIF4E and relative mTOR phosphorylation on Ser2448 were greater for pigs 
supplemented with arginine (Yao et al., 2008). Arginine supplemented piglets in that 
study had greater ADG (129.3 g/d; P < 0.05) compared to the non-supplemented, 
controls (93.7 g/d). This response was attributed to the upregulation of the mTOR 
synthesis pathway. Increases in growth are not always indicative of greater protein 
synthesis. Longissimus muscle from Yorkshire pigs, divergently selected for low and high 
residual feed intake, showed little to no differences between the insulin signaling 
cascade and protein synthesis pathway proteins between genetic lines (Cruzen et al., 
2013).  
Skeletal muscle contains four proteolytic systems that are key components of 
metabolic turnover, specifically protein degradation: 1) lysosomal system, 2) caspase 
system, 3) proteasome system, and 4) the calpain system. Lysosomes are vesicles 
located in the sarcoplasm of muscle cells. They contain a variety of enzymes that have 
the ability to breakdown cells and all of their contents. A well-known group of 
proteolytic enzymes, within the lysosome, are cathepsins. Cathepsins are endo- and 
exo-peptidases divided into cysteine, aspartic, and serine peptidases. Eight out of 15 
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cathepsins are expressed in muscle cells (Sentandreu et al., 2002). Lysosomes are 
present in skeletal muscle and are large (0.1 – 1.2 µm) in comparison to the size of 
myofibrils (0.5 – 3.0 µm in diameter). Lysosomes and the proteasome have been shown 
to work together to degrade proteins such as α-actinin and tropomyosin. These 
proteinases also work together with the calpains to degrade specific cytoskeletal 
proteins (ie. desmin and dystrophin) in cultured muscle cells (Purintrapiban et al., 2003). 
Lysosomes, especially in conjunction with other protease systems, play an important 
role in protein turnover.  
Caspases are cysteine-aspartate specific proteases. They are activated during 
times of ischemia and hypoxia (Gustafsson and Gottlieb, 2003). When muscle is in a 
catabolic state, caspases are known to be the initiating factor to cleave actomyosin. The 
activity of caspase-3, for example, was increased in mice with acute diabetes compared 
to normal mice (Du et al., 2004). Cleavage of intact calpain by caspase-3 results in a 14 
kDa actin peptide (Du et al., 2004). that can then be further degraded into single amino 
acids by the ubiquitin-proteasome pathway. The role of caspases is therefore important 
when considering their role, in being the initiating factor for skeletal muscle 
degradation, during times of oxidation due to stress or infection. 
The proteasome plays a major role in intracellular proteolysis (Rivett, 1993; 
Ciechanover, 1994; Goldberg et al., 1997; Grune et al., 1997; Tanaka, 1998; Voges et al., 
1999; Merker and Grune, 2000; Polge et al., 2011; Reeg et al., 2016). It’s barrel-shaped 
core complex (700 kDa) is referred to as the 20S proteasome (also called the 
MultiCatalytic Proteinase complex, MCP) and is regulated by several protein regulators 
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(19S and 11S). The 19S complex binds to each side of the 20S to form the 26S 
proteasome (Voges et al., 1999). Utilizing ATP, proteins  are poly-ubiquitinated, which 
“tags” the protein, signaling the proteasome to degrade it into peptides 7-25 residues 
long (Nandi et al., 2006). For example, various portions of the proteasome are 
upregulated during times of muscle atrophy (Bodine et al., 2001) or during fasting, 
uremia, or streptozotocin-induced diabetes (Gomes et al., 2001). A similar response by 
the proteasome in pigs could occur during times of feed restriction. Pigs with greater 
feed efficiency (LRFI) had lesser proteasome activity, in the LM,  and proteasome activity 
was positively correlated with RFI index (r = 0.60; P < 0.05) when compared to the LM of 
HRFI pigs (Cruzen et al., 2013). This indicates that reduced protein degradation partially 
explains how feed efficiency is improved in LRFI pigs.  
It was proposed over 30 years ago that calpains might be involved in the 
disassembly of the myofibrillar proteins by selectively releasing filaments from the 
surface of the myofibril (Dayton et al., 1975). Myofibrillar proteins must be 
disassembled from the myofibril without disrupting the contractile ability of the 
myofibril; calpains do this by making select cleavages. They release fragments that 
retain catalytic activity but are no longer regulated (Goll et al., 2003). Calpains are 
calcium dependent cysteine proteases, concentrated in the I-band and Z-disk areas of 
the myofibrils (Kumamoto et al., 1992- ref in Goll 2008). Calpastatin is the endogenous 
inhibitor of calpain 1 and 2 and doesn’t inhibit other proteases (Goll et al., 2003). 
Calcium is required for calpastatin to bind to the calpains to inhibit their activity (Cottin 
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et al., 1981). In porcine muscle, ratio of calpastatin activity to calpain -1 activity is 
approximately 1.5:1 (Ouali and Talmant, 1990).  
It is known that calpains are actively involved in turnover of skeletal muscle 
proteins because degradation is reduced when calpastatin levels are increased. 
Examples of this include reduced protein degradation during the use of β-adrenergic 
agonists (Kretchmar et al., 1989; Parr et al., 1992; Parr et al., 2000) and reduced protein 
degradation in Callipyge sheep (Koohmaraie et al., 1995). It is interesting to note that 
when calpastatin is present (0.15 units and 0.30 units) with calpain-1 during the addition 
of H2O2  at pH 6.5 (165 mM NaCl), degradation of intact desmin was mostly complete by 
60 min or 15 min, respectively (Carlin et al., 2006). It is important to note that this effect 
did not occur at pH 6.0, a pH closer to that of fresh meat. Increased degradation of 
desmin, in the presence of H2O2, calpain, and calpastatin, indicates that increased 
oxidative conditions within the muscle of a pig (ie. during a health challenge, feed 
restriction, or other environmentally stressful scenario), limits the ability of calpastatin 
to inhibit calpains, leading to upregulated protein degradation. 
The calpain system may play a role in feed efficiency (Bottje and Carstens, 2009) 
and does influence protein turnover because of its role in protein degradation of the 
muscle (Smith and Dodd, 2007). Referring back to the pigs (68.4 ± 3.5 kg) of low or high 
RFI, tendencies existed for the more feed efficient, low RFI pigs to have less calpain-1 
(2.20 units of activity/g protein) and calpain-2 activity (8.25 units of activity/g protein) 
than high RFI pigs (2.48, P = 0.10 and 9.00, P = 0.09, respectively) (Cruzen et al., 2013). 
Activity of calpastatin II was significantly greater for muscle from low RFI pigs (9.57 
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units/g protein) when compared to high RFI pigs (8.11, P = 0.01). Therefore, the calpain-
1:calpastatin ratio was lesser for low RFI (0.20, P = 0.04) than high RFI pigs (0.25). Less 
calpain activity in muscle of low RFI pigs may be indicative of lesser potential for protein 
degradation. Because protein degradation is energetically expensive, this partially 
explains why low RFI pigs genetically are more feed efficient.  
Fiber Type 
 Fiber type composition varies between individual muscles, between animals of a 
single species, and across species; this variation influences muscle function and growth 
performance. Fiber type composition also impacts postmortem metabolism and 
ultimate meat quality. Fiber type composition can be adjusted advertently or 
inadvertently through genetic selection for valued growth performance or meat quality 
traits. Because this link exists, it is important to provide a background of fiber type and 
its role in meat production. Skeletal muscle fiber types are defined by the rate and 
extent of tension development, power output, shortening velocity, and fatigue 
resistance. Myosin heavy chains (MHC) are a key player in creating these differences. 
They are the major structural proteins of thick filaments that convert chemical energy 
into mechanical energy used for muscle contraction. Each isoform of MHC has its own 
ATPase activity and greatly influences the loss of activity as time postmortem increases 
along with rate of metabolism (Bowker et al., 2004). Myosin ATPase couples the 
hydrolysis of ATP with motion, providing the energy required for muscle contraction 
(Bárány, 1967). The influence of MHC isoform, on ATP hydrolysis and actin binding, 
classifies muscle fibers by their contractile and metabolic properties (Choi et al., 2007). 
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Four primary MHC isoforms are present in mammalian skeletal muscle: I, IIa, IIb, and IIx 
(Reggiani et al., 2000).  
Red, slow twitch, type I fibers require greater amounts of oxygen for oxidative 
metabolism (Reggiani et al., 2000) and therefore have greater capillary density. They are 
red in color because of their high myoglobin concentrations. Greater myoglobin 
concentrations located in type I fibers is pertinent for providing mitochondria with 
oxygen. They contain large amounts of mitochondria and iron containing cytochrome 
from the electron transport chain. Intramuscular lipid concentrations are energy 
substrates that are broken down aerobically to use as fuel (Choi and Kim, 2009). These 
fibers are referred to as slow twitch because they have the slowest contraction time but 
have the greatest endurance. Maximum shortening velocity (V0) for type I fibers is 0.57 
lengths/s in single, skinned rat muscle fibers (Bottinelli et al., 1994). This contraction 
speed is much lower than the speed of type IIa (1.14 lengths/s), IIx (1.65 lengths/s) or IIb 
(3.70 lengths/s) (Bottinelli et al., 1994). The slower contraction speed of type I fibers 
aids in greater resistance to fatigue (Burke et al., 1971; Kugelberg and Lindegren, 1979). 
Fatigue is defined as the transitory and reversible reduction of contractile strength and 
speed of fiber shortening after a period of repetitive, sustained activity (Edman and Lou, 
1992).  
White, large diameter, fast twitch, type IIx and IIb fibers require glycogen for 
anaerobic respiration (Reggiani et al., 2000; Choe et al., 2008) and therefore have lesser 
capillary densities and are less red in color because of lower myoglobin concentration. 
Lower levels of lipid but greater concentrations of glycogen (Fernandez et al., 1995) are 
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required for fast twitch muscles to more efficiently use glycolytic pathways for energy 
production. Fast-twitch fibers contract in short, powerful bursts and fatigue quickly.  
When comparing fast to slow twitch muscle fibers, maximum shortening velocity 
(shortening velocity at zero load) is about three times greater in fast fibers (Reggiani et 
al., 2000). The rate of ATP consumption during shortening is directly proportional to the 
velocity during shortening (Bárány, 1967; Reggiani et al., 2000). Efficiency of fiber types 
is the ratio between power output and energy released by ATP hydrolysis during loaded 
shortening and is similar for all fiber types (Reggiani et al., 2000).  
Fiber type composition changes depending on the location and function of the 
muscle. In the domestic pig, the Infraspinatus is a muscle with a high percentage of type 
I fibers (53 %). This muscle has greater capillary density (369 capillaries/mm2) and the 
average cross sectional area of fibers in this muscle is 5.14 x 103 µm2 (Ruusunen and 
Puolanne, 2004). The LD of domestic pigs is 90 % type IIb, has a capillary density of 162 
capillaries/mm2, and the average CSA of all the fibers within the LD was 5.79 x 103 µm2 
(Ruusunen and Puolanne, 2004). As previously described, type IIb, glycolytic fibers have 
a lesser capillary density and greater CSA than other fiber types. Increased capillary 
density brings more blood (and more oxygen) to the muscle. Therefore, greater 
myoglobin concentrations are present in muscles that are more oxidative. In beef, the 
Psoas major (PM) has a greater type I fiber composition (%) with greater myoglobin 
concentrations (7.55 ± 0.57 mg/g) compared to myoglobin concentrations in the 
Semimembranosus (SM; 6.11 ± 0.28 mg/g) or Semitendinosus (ST; 5.13 ± 0.33 mg/g) 
(Kim et al., 2016).  
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Structurally, the Z-disk of type I, red fibers is wider with 3 distinct planes present 
(Rowe, 1973) and the M-band has five strong lines (Sjöström and Squire, 1977). This 
structure is thought to better facilitate sustained contraction. A thinner Z-disk with all 
loops on a single plane (Rowe, 1973) and M-band of 3 lines (Sjöström and Squire, 1977) 
is present in white, type IIb fibers to facilitate quick contractions. The width of the Z-disk 
of intermediate fibers is in between that of type I and type IIb fibers because the Z-disk 
loops have one hairpin configuration but are located on two planes, 40 nm apart (Rowe, 
1973). This description of Z-disks provides evidence that the muscle cell structure also 
plays an important role in characterizing fiber types.  
Muscle fiber type changes with genetic selection for various traits. The LD of wild 
boars consists of predominately oxidative intermediate and oxidative slow twitch 
muscle fibers when compared to domesticated pigs (Rahelic and Puac, 1981; Essén-
Gustavsson and Lindholm, 1984). Because of this composition, glycogen content was 
lesser and the muscle had significantly more oxidative capacity. Karlström (1995) 
reported increased capillary density per muscle fiber, larger mean fiber areas, and 
increased oxidative enzyme activities. In general, selecting pigs for leaner carcass 
composition decreased oxidative characteristics of the muscle. The evidence might 
suggest that domestication has decreased the ability of pigs to respond to long term 
environmental stressors. This raises questions regarding how modern-day commercial 
pigs handle long term stress such as health challenges and temperature assaults for 
extended periods of time. Knowing that muscle fiber type composition affects this 
response, it is critical that researchers continue to evaluate how genetic selection 
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impacts muscle fiber type composition and the subsequent alterations in the ability of 
the pig to respond to stressful situations that may challenge the oxidative capacity of 
their muscles. 
Conversion of Muscle to Meat 
Postmortem pH Decline 
 There are four phases that muscle cells must undergo during the conversion of 
muscle to meat. The activities are focused around rigor mortis, Latin for “stiffness of 
death”. These phases include delay, onset, completion, and resolution of rigor. 
Exsanguination of the animal during slaughter initiates a loss of homeostasis. 
Homeostasis is the maintenance of a well-orchestrated physiological state, and when it 
is disrupted during slaughter, tissues of the body will attempt to regain homeostasis but 
will fail due to insufficient ATP supply. This phase of rigor is known as the delay phase 
and marks the beginning of the conversion of muscle to meat. ATP is sourced from 
creatine phosphate, aerobic respiration, and anaerobic respiration. As glycogen energy 
stores are gradually depleted, following exsanguination, metabolism will shift from 
aerobic to anaerobic.  
 This phase is known as onset to rigor and usually occurs within 15 min to 3 h 
postmortem in pork (Briskey et al., 1966). Because the muscle is in an oxygen deprived 
state, it switches to relying on glycolysis to produce ATP. As glycogen stores are 
depleted to be used as energy substrates for glycolysis, pyruvate starts to accumulate 
and is converted to lactate by lactate dehydrogenase (Huckabee, 1958). The pH of the 
muscles will decline from approximately 7.4 to 5.7 as lactate and hydrogen ions 
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accumulate. Calcium is released from the sarcoplasmic reticulum following 
exsanguination; this initiates sustained muscle contractions, which require energy and 
therefore are sustained until ATP is depleted via degradation (Bate Smith and Bendall, 
1947).  
 The rate and extent of pH decline are dependent on multiple variables. In 
muscles that are primarily oxidative, extent of pH decline is limited by ATP supply 
(England et al., 2016), whereas the extent of pH decline in muscles that are primarily 
glycolytic is pH itself. This occurs because the activity of regulatory enzymes such as 
phosphofructokinase are inhibited as pH become lower (5.9 – 5.5) (England et al., 2014). 
Mitochondria may also play a role in pH decline but their impact on pH decline is not as 
well established (England et al., 2013; Scheffler et al., 2015; Matarneh et al., 2017).  The 
time ultimate pH is reached depends on pre-slaughter stress, chilling method, fat cover 
on the carcass, size and location of the muscles, etc. This phase is known as completion 
of rigor, and at this time, the muscle tension and the number of actomyosin cross-
bridges are at the maximum. 
 Following completion is the resolution of rigor. The previously described calpain 
system is essential to the resolution of rigor by degrading myofibrillar proteins. This 
degradation aids in meat tenderization during aging, which will be discussed in a later 
section.  
Muscle fiber type composition influences the living pig, but it also impacts meat 
quality. Muscle fiber type composition influences metabolic rate during the early 
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postmortem period (Essén-Gustavsson et al., 1992). Various contributors associated 
with quality (water holding capacity, color, marbling, etc.) are influenced by biochemical 
activities early postmortem and are therefore impacted by fiber type composition. To 
further understand the relationship between fiber type and rate of glycolysis, Choi et al. 
(2007) classified groups as “fast-glycolysing” (fast glycolytic rate; pH 45 min < 5.80, R-
value > 1.05) and “normal-glycolysing” (normal glycolytic rate; pH 45 min ≥ 5.80, R-value 
≤ 1.05). Muscle, with a fast-glycolytic rate, was composed of a lesser percentage of MHC 
slow isoforms (5.12 ± 0.47)  and a greater percentage of the fast twitch isoforms (94.88 
± 0.97) than muscle with a normal-glycolytic rate (8.87 ± 0.44, 91.13 ± 0.42, respectively) 
(Choi et al., 2007). Muscle with a fast-glycolytic rate, based on MHC isoform, was 
negatively correlated with glycogen content (R = -0.44), pH at 45 min (R = -0.47), and 
total protein solubility at 45 min postmortem (R = -0.36). This indicates that as the 
percentage of type IIb fibers increases, the pH, glycogen content, and total protein 
solubility is lesser at 45 min postmortem. A similar experiment categorized pork LD by 
glycogen and lactate content (45 min postmortem). Meat with greater concentrations of 
glycogen and lactate had a fiber type composition, by area and number, with the 
greatest percent of type IIb fibers. Pork from this group had a pH of 5.43 at 24 h 
postmortem, a drip loss of 6.63 %, was lightest (50.49 L*) at 24 h postmortem, and had 
the least soluble sarcoplasmic protein (62.05 mg/g) when compared to other groups 
(Choe et al., 2008). 
Because fiber type composition influences postmortem muscle metabolism and 
meat quality, comparisons between muscles is extremely valuable. Myosin heavy chain  
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isoform composition in the PM, SM, and LD of commercial pigs was documented 
(Melody et al., 2004). The PM had more intermediate fibers (types IIa/IIx; 63.4%) than 
the LD (42.6 %) but was not different than the SM (55.5 %). The percentage of type IIb 
muscle fibers could be ranked from most to least: LD (50.6 %), SM (38.0 %), and PM 
(25.5 %). The PM had a higher percentage of type I fibers (11.1 %) than both the SM (6.6 
%) and LD (6.8 %). The rate of temperature decline was fastest for the PM at 45 min and 
1 h postmortem. Muscle location on the carcass and fat cover are two key contributors 
to keep in mind when thinking about temperature decline. Temperature of the PM was 
equivalent to the LD and less than the SM 6, 12, and 24 h postmortem. It was not 
surprising that the PM had the most rapid pH decline when comparing the muscle pH at 
30 min, 45 min, and 1 h to the SM and LD. The pH was not different between muscles at 
6, 12, and 24 h. Additionally, calpain-1 was autolyzed earlier, titin was degraded sooner, 
and calpain-1 bound to myofibrils more quickly in the PM. It can be concluded that fiber 
type composition influences early postmortem metabolism, including the rate and 
extent of pH decline, calpain autolysis, and postmortem degradation of proteins, and 
directly impacts meat quality.  
Protein Oxidation 
Oxidative conditions of muscle increase in response to loss of homeostasis 
following exsanguination. (Martinaud et al., 1997; Harris et al., 2001). The oxidation of 
calpain is pH dependent. At pH 6.5 and 7.0 (165 and 295 mM NaCl), inhibition of calpain-
1 by calpastatin, when in the presence of H2O2, was decreased (Carlin et al., 2006). This 
was also documented at pH 6.0 with the higher ionic strength (295 mM NaCl) but was 
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not seen with the lower salt concentrations at pH 6.0 (Carlin et al., 2006), a pH that 
would be more similarly associated with the pH of meat. Calpain-1 proteolytic activity 
was strongly inhibited when exposed to H2O2 (Guttmann et al., 1997). Oxidation 
decreased proteolytic activity of calpain-1 and calpain-2 in activity assays (Guttmann et 
al., 1997; Guttmann and Johnson, 1998; Carlin et al., 2006). Using myofibrils as a 
substrate, the main effect of oxidation was specifically noted on calpain-1 (Carlin et al., 
2006). Oxidation of calpastatin does not inhibit its ability to inhibit calpains (Carlin et al., 
2006). Irradiation inactivates calpain-1 and inactivation decreases postmortem 
cytoskeletal proteolysis and decreases tenderization (Rowe et al., 2004a). Calpain 
activity and inhibition of calpain by calpastatin can be dramatically affected by pH, ionic 
strength, and oxidation (Carlin et al., 2006). Inhibition of calpain-1 and calpain-2 by 
calpastatin are not affected by pH (Otsuka and Goll, 1987; Geesink and Koohmaraie, 
1999; Carlin et al., 2006). These data strongly suggest that oxidative conditions 
perimortem and early postmortem can greatly influence the activity of the calpains. 
Inactivation of calpains at this time may have a detrimental effect on tenderization of 
the meat during the aging process. 
Postmortem Protein Degradation 
Proteolysis is defined as the breakdown of protein into smaller compounds such 
as peptides, which can further be degraded to single amino acids. In meat, proteolysis 
occurs early postmortem and extends into aging. It is conducted primarily by the calpain 
system, an endogenous protease system comprised of proteins including calpain-1, 
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calpain-2, calpain-3 and calpastatin (Goll et al., 1998). Both cysteine proteases, calpain-1 
and 2 are endogenously inhibited by calpastatin (Murachi et al., 1981).  
It has been proposed that the combination of the previously described trio of 
endogenous enzymatic systems (proteasome, lysosome, and calpains) work together to 
degrade cytoskeletal and sarcomeric proteins in postmortem muscle (Purintrapiban et 
al., 2003). Because calpains do not degrade proteins all the way down to single amino 
acids or greatly interact with myosin or actin, Goll et al. (2003) and Neti et al. (2009) 
proposed that calpains make the initial, strategic cleavages to release myofilaments for 
further degradation by the proteasome and lysosome. Calpain-1 is responsible for 
degrading desmin, troponin-T, nebulin, filamin, and titin (Huff-Lonergan et al., 1996). 
The degradation of these cytoskeletal and interfilamentous proteins is a key component 
of postmortem tenderization of meat (for review, see Huff-Lonergan et al., (2010)). 
In beef, Phelps et al. (2016) showed WBSF was impacted by location within the 
ST. Muscle was measured from proximal to distal with a decrease in WBSF when moving 
toward to the middle of the ST but increased again moving toward the distal end. WBSF 
was not affected by calpain-1, autolyzed calpain-1, intact calpain-2, or total calpain 
activities but decreased with aging. As days of aging increased, intact calpain-1 activity 
decreased and activity was not able to be detected past 42 d postmortem. The largest 
reduction of WBSF during aging occurred 7 – 21 d postmortem but continued to 
descend to 70 d postmortem. Tenderization during aging was attributed to postmortem 
degradation of troponin-T and desmin. Differences in WBSF within muscle was 
attributed to fiber type. Samples more proximal contained less type I and IIA and more 
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type IIX fibers than distal locations. These fibers were also larger in cross sectional area 
when compared to the fibers in distal locations.  It has been well documented that 
postmortem degradation of troponin-T (Huff-Lonergan et al., 1996; Carlson et al., 
2017b) and desmin (Huff-Lonergan et al., 1996; Melody et al., 2004; Rowe et al., 2004a; 
Carlson et al., 2017a; Carlson et al., 2017b) is linked to meat tenderness.  
Troponin 
Troponin is a heterotrimeric complex with subunits Troponin T, I, and C. All are 
acted upon during the tenderization process and can therefore be used as markers of 
proteolysis. Troponin-T is an integral part of skeletal muscle thin filaments (Greaser and 
Gergely, 1971). This subunit makes up the elongated portion of the troponin molecule 
and through its interaction with tropomyosin aids in regulating the thin filament during 
skeletal muscle contraction. (Greaser and Gergely, 1971; Hitchcock, 1975; McKay et al., 
1997; Lehman et al., 2001).  
Troponin-T is part of the regulatory complex that mediates interactions between 
actin and myosin. (Greaser and Gergely, 1971; Hitchcock, 1975; McKay et al., 1997; 
Lehman et al., 2001). The degradation of troponin-T may lead to changes between these 
filaments and is documented to be an indicator of tenderness in beef (Olson and 
Parrish, 1977; Koohmaraie et al., 1984a; Koohmaraie et al., 1984b; Koohmaraie, 1992; 
Huff-Lonergan et al., 1995; Huff-Lonergan et al., 1996). Rate of troponin – T degradation 
has been documented to be inversely related to WBSF in pork (Szalata et al., 2005). 
Carlson et al. (2017b) reported 26 % less abundant intact troponin-T in low star probe 
samples than high star probe samples (P < 0.01) in aged pork chop samples. Abundance 
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of the 30-kDa degradation band and 27 -30 kDa degradation product of troponin-T in 
low star probe samples was more than double the abundance of troponin-T degradation 
products in high star probe samples (P < 0.01).  
Desmin 
Desmin is an intermediate, interfilamentous protein (55 kDa) that functions to 
connect adjacent myofibrils at the Z-disc and connect myofibrils to the protein 
assemblies on the sarcolemma, known as costameres (Granger and Lazarides, 1979; 
Clark et al., 2002). Given this function, it is clear that degradation of this protein will 
result in a loss in the integrity of the myofibrillar connections and muscle organization 
(Huff-Lonergan et al., 1996). This degradation results in the formation of 35 kDa (Li et 
al., 2017) and 38 kDa  desmin polypeptides (Huff-Lonergan et al., 1996). This 
degradation is partially attributed to calpain-1 activity (Huff-Lonergan et al., 1996) 
within 48 h postmortem in ovine meat (Li et al., 2017). More specifically, calpain-1 
cleaves intact desmin, in postmortem muscle, at the N-terminal head and C-terminal tail 
regions (Baron et al., 2004). Gardner et al. (2005) reported 52.5 % of desmin 
degradation one day postmortem can be explained by the combination of three things: 
1) loin temperature 4 h postmortem, 2) loin temperature 24 h postmortem, and 3) the 
% of autolyzed calpain-1 (76 kDa autolysis product) at 1 day postmortem. Carlson et al. 
(2017b) showed significantly more intact desmin (0.68) and less degraded desmin (0.28; 
38 kDa band) in high star probe pork chops aged 11 – 16 d compared to low star probe 
samples (0.31, 1.10, respectively). In the sarcoplasm, relative abundance of the desmin 
degradation (34 kDa) product was greater in the low star probe chops (0.77) than the 
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high star probe chops (0.36; P < 0.01) (Carlson et al., 2017a). This desmin degradation 
product is found in the sarcoplasm of 1 d aged fresh pork LM and increases in 
abundance significantly at 3 and 7 d postmortem (Outhouse et al., 2017). Its abundance 
d 1 postmortem is negatively correlated to instrumental tenderness (using star probe) 3, 
7, and 14 d postmortem (r = - 0.46, r = - 0.45, and r = - 0.45, respectively; P < 0.05) 
(Outhouse et al., 2017). This means that a greater abundance of soluble desmin 
degradation (34 kDa product) at d 1 postmortem is related to lesser star probe values 
after aging (indicative of a more tender product). These data provide strong evidence of 
the relationship between postmortem desmin degradation and pork tenderness. 
Pork Quality 
 When 15 different species were evaluated for eating quality in Norway, including 
beef, pork, chicken, lamb, and goat, panelists determined texture to be the most 
important quality attribute, visual color to be second most important, and flavor was 
deemed least important (Rodbotten et al., 2004).  Meat quality is determined by 
consumer’s perception of sensory characteristics such as juiciness, flavor, and 
tenderness (Grunert et al., 2004). Consumers do evaluate fresh pork and make 
purchasing decisions based on their evaluation. After evaluating pork for wet/dry 
appearance, color, acceptability, and purchase intent, a Pearson correlation coefficient 
(r = 0.58) showed the strong relationship between overall acceptability and purchase 
intent by consumers shopping for fresh pork (Brewer and McKeith 1999). Because 
consumers use visual appearance and eating experience to decide whether they will buy 
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a product repeatedly, it is important to further discuss and understand color, water 
holding capacity, and sensory traits including juiciness and tenderness. 
Color 
 The red pigmentation of a meat product is primarily due to the abundance and 
chemical state of myoglobin. The myoglobin molecule is composed of a heme 
(porphyrin ring plus iron) within the hydrophobic interior region of the globin protein. 
This heme ring contains six coordination sites, four of which are covalently bound by 
nitrogen. The fifth site is bound by histidine-93, and the sixth site is available to bind 
oxygen, water, or carbon monoxide. The ligand attached to the sixth binding site and 
the valence state of iron determines the state of myoglobin (Fig. 3) and subsequently 
the color of the meat.  
 In meat restricted from oxygen, such as in vacuum packaged meats, iron is in the 
ferrous state (Fe2+) and is referred to as deoxymyoglobin. If the packaging is removed 
and the meat is exposed to oxygen, oxygenation occurs and the meat will transition 
from a purplish-red to bright-red. Here iron is still in the ferrous state (Fe2+); this is the 
state of color in which consumers prefer. When myoglobin becomes oxidized, iron 
transitions to the ferric state (Fe3+), and the meat becomes brown in color. This usually 
occurs when meat has been exposed to oxygen for an extended period. Consumers 
identify this color state with spoilage. It is important to note that the chemical state of 
myoglobin and therefore color can also be influenced by the alkylation of myoglobin by 
4-hydroxy-2-nonenal (HNE) (Grunwald et al., 2017) and to a lesser extent by hemoglobin 
and cytochrome C (Mancini and Hunt, 2005). 
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Figure 3. Pigments found in fresh meat, adapted from Mancini and Hunt (2005). 
There is great variability in quantity and chemical state of myoglobin in muscle 
types, species, sex, and age of animal (Young and West, 2001). For example, aquatic 
mammals, such as whales, need very high amounts of myoglobin (60 mg/g) to withstand 
long periods of time under water without access to oxygen (Scholander, 1940). This 
concentration is staggering when compared to myoglobin concentration in mature 
animals from various livestock species such as pigs (3-6 mg/g) (Topel et al., 1966), sheep 
(3-7 mg/g) (Ledward and Shorthose, 1971), and cattle (2-5 mg/g) (Hunt and Hedrick, 
1977). Myoglobin concentration increases with age of the animal (Lawrie, 1950; Boccard 
et al., 1979) and varies between breeds (Boccard et al., 1979). With all things 
considered, variation in myoglobin concentration exists between specie, breed, and age 
of animals. 
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The reduction potential of myoglobin provides information about the ability of 
the heme to accept electrons. Because other organelles, such as the mitochondria, 
microorganisms, and lipid oxidation, compete with myoglobin for oxygen, it’s important 
to understand redox potential. As pH increases from 6.5 to 7.4, myoglobin redox 
potential becomes more negative, indicating a proton-coupled electron transfer 
occurred. This redox potential is not different between cattle and beef, but at the same 
pH, porcine myoglobin (610.2 µM) has greater oxygen affinity than beef myoglobin 
(851.4 µM) (Nerimetla et al 2017). Although it is not completely established, it is 
hypothesized that these species-specific differences are due different amino acid 
sequences causing a change in net charge (Marcinek et al 2001), causing an alteration in 
the tertiary structure that changes the volume of the heme cavity (Suman et al., 2007).  
In meat, this species difference allows pork to have greater oxygenation, or bloom, than 
beef (Haas and Bratzler, 1965).  
Color is one of the first things consumers see and use to make fresh meat 
purchasing decisions (Mancini and Hunt, 2005). Color is commonly evaluated in one of 
two ways. A standardized 6-point color scale, developed by the National Pork Board, 
evaluates color from pale to dark purplish red (Color: 6-point scale, 1 = pale pinkish gray 
to white; 6 = dark purplish red). Colorimeters and spectrophotometers are objective 
tools used to evaluate the light reflectance of fresh pork. Various color systems, 
illuminants, observers, and aperture sizes are available options researchers can choose 
from. Both sets of tools are valuable to use and should be chosen based on the goals of 
each research project.  
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Because consumers use color as a primary indicator for making purchasing 
decisions, it is important to continuously evaluate color using the tools previously 
mentioned. Researchers understand the innate differences between species, sex, 
muscle type, etc., but it is unknown how fresh meat color will be changed as continuous 
selection pressure is made on production performance of livestock species.  
Understanding how the concentration and state of myoglobin is influenced by selection 
is crucial to maintaining and improving color consistency of fresh meat products.  
Water Holding Capacity 
Water holding capacity (WHC) is the ability of meat to retain innate or added 
water. It is important both from an economic and product desirability standpoint. 
Because meat is sold on product weight, water is a useful ingredient because of its low 
cost. From a desirability perspective, water content influences the appearance, 
firmness, juiciness, and tenderness of the meat product.  
Drip loss is commonly used to evaluate the WHC of a meat product. The loss is 
measured as the difference in the weight of a chop across two time points. It must be 
clarified that the weight lost is not only water but also includes sarcoplasmic proteins 
and degradation products of myofibrillar proteins. This can therefore be referred to as 
sarcoplasmic or cellular fluid. This liquid is red/pink in color because of the protein 
myoglobin, which is a sarcoplasmic protein. The amount of drip lost from myofibrils is 
greatly influenced by rate of pH decline. As pH declines and moves away from 
physiological values, distance between thick filaments in myofibrils decreases and may 
force sarcoplasmic fluid to extramyofibrillar space (Diesbourg et al., 1988). Because 
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water is a dipolar molecule, a decrease in pH increases hydrogen ion abundance and 
decreases the net negative charge of key myofibrillar proteins. This decrease means the 
cytoskeletal and myofibrillar proteins present will be less drawn to bind water through 
electrostatic interactions. Rate of decline impacts the proportion of denaturation of 
cytoskeletal proteins.  The extent of shortening of the sarcomeres during the 
development of rigor also influences the formation of drip (Offer et al., 1989; Bertram et 
al., 2004). The more extreme the shortening, the less space available for water, causing 
it to be forced to move outside of the myofibril.  
Hwang et al. (2005) evaluated the effect of temperature of carcasses at pH 6.2, a 
pH found to be indicative of cold and heat shortening (Pearson and Young, 1989), 
denaturation of cytoskeletal proteins (Offer, 1991; Offer and Cousins, 1992), and of the 
proteolysis and activity of calpain-1 (Koohmaraie, 1996). Higher temperatures at pH 6.2 
caused higher drip loss at either 3 or 7 d of aging (Hwang et al., 2005). It was 
hypothesized by Liu et al. (2016) that a pH and temperature dependent supporting 
system between filaments may be formed if water soluble proteins denature during 
rigor development. As lattice spacing shrinks and sarcoplasmic proteins denature 
simultaneously, denatured proteins coagulate and form a network outside myofibrils to 
maintain water holding capacity (Liu et al., 2016). These authors suggest this situation 
primarily occurs in PSE type meat products. 
It is hypothesized that postmortem degradation of cytoskeletal and 
interfilamentous proteins increases WHC (Kristensen and Purslow, 2001). Postmortem 
protein degradation may therefore prevent loss of sarcoplasmic fluid from the cell by 
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trapping it between myofibrils. This relationship has been demonstrated between 
desmin degradation and drip loss (Kristensen and Purslow, 2001; Melody et al., 2004). 
The PM had greater desmin degradation at 45 min (0.286 ± 0.039) and 6 h (0.415 
± 0.097) compared to the SM and LD. The drip loss of these muscles was inversely 
related; the PM had lesser drip loss (1.10 ± 0.214 %) than the SM (2.78 ± 0.551 %) and 
LD (2.95 ± 0.623 %) (Melody et al., 2004).  
Sensory Quality and Characteristics 
 The definition of the word sensory means ‘of or relating to the senses’. Senses 
related to meat products and their quality include, but are not limited to, appearance, 
aroma, flavor, texture, juiciness, and tenderness. Because humans have preferences, 
sensory quality is perceived differently between individuals. Perceived quality is 
dependent upon the person and the context in which that person is making purchasing 
decisions (Issanchou, 1996). The acceptability of purchasing decisions within each 
context is based on perceived appropriateness (Schutz, 1988). Convenience, animal 
welfare, safety, healthiness, intrinsic quality cues, extrinsic quality cues, and sensory are 
key factors affecting perceived meat quality (Issanchou, 1996).  
Juiciness 
Juiciness facilitates the chewing process and also is the transport vehicle for 
bringing flavor components to the taste buds during eating (Aaslyng et al., 2003). 
Juiciness is influenced by a variety of factors including pH, glycogen content (Immonen 
et al., 2000), animal age at slaughter, and environmental conditions (Enfält et al., 1997; 
Jonsäll et al., 2001). Cooking loss also plays a key role in end product juiciness and is 
45 
 
 
influenced by end-point internal cooking temperature, cooking method, and raw meat 
quality attributes (Aaslyng et al., 2003).  
Because pH is known to affect WHC, it does play a role in sensory juiciness. As pH 
declines during the conversion of muscle to meat, myofibrils shrink (Offer and Trinick, 
1983). As previously described, the extent of this shrinking determines how much 
sarcoplasmic fluid is pushed to extra-myofibrillar space (Diesbourg et al., 1988) and 
ultimately becomes drip loss. A meat product with lower WHC will be less juicy than one 
that retains more moisture after purge and cook loss are accounted for.  
Rearing conditions of pigs influence sensory characteristics of pork, specifically 
juiciness. Researchers investigated this influence by comparing pigs raised indoors 
versus outdoors. Ham (Jonsäll et al., 2001) and loin (Enfält et al., 1997) were less juicy 
from pigs raised outdoors compared to pigs raised indoors. Other research did not 
report differences between meat of pigs from free-range and intensive fattening 
systems (van der Wal et al., 1993). Therefore, to fully understand the impact of rearing 
system on sensory quality of pork, more variables should be taken into consideration. 
Those variables include environmental temperature, breed, and health status. 
Pork from pigs slaughtered at 90, 140, 161, or 182 days of age revealed a 
significant effect of slaughter age on juiciness (Bertram et al., 2007). Greatest juiciness 
was from pigs slaughtered at 90 days and juiciness decreased as the age of pig 
increased. Authors used nuclear magnetic resonance (NMR) to determine a longer 
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relaxation time of the extra-myofibrillar water, or free water, in pork from pigs 
slaughtered at 90 days when compared to pork from older animals.  
 Conflicting results exist regarding the influence of i.m. fat and greater sensory 
juiciness. Some research suggests improved sensory juiciness with i.m. fat, or marbling, 
content (Devol et al., 1988; Hodgson et al., 1991; Fernandez et al., 1999; Brewer et al., 
2001; Cannata et al., 2010). This is contradicted by research showing no correlation 
between extractable lipid and sensory juiciness in pork loins (Rincker et al., 2008). Lipid 
content was not correlated to juiciness when evaluating all pork from the National 
Barrow Show progeny tests as a whole or within assigned pH classes (Lonergan et al., 
2007).  
Cook loss is correlated to juiciness of cooked meat (Bouton et al., 1975; Wood et 
al., 1995; Bejerholm and Aaslyng, 2004; Serra et al., 2004). Both internal cooking 
temperature and cooking method influence cook loss and sensory juiciness. In beef, end 
point internal cooking temperature and juiciness are negatively correlated (Toscas et al., 
1999). This means that increased internal cooking temperatures decreases product 
juiciness. The impact of cooking method on pork was no longer significant and the raw 
product quality was significantly less impactful as internal cooking temperature 
increased from 60 and 70° C to 80° C (Aaslyng et al., 2003). 
Among other sensory quality traits, increased juiciness of pork is valued and 
desired by consumers. It also important to keep in mind the strong relationship juiciness 
has with other pork quality traits and biochemical measurements, as shown by 
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significant correlations with them (P < 0.05). Juiciness of the LM in pork was significantly 
correlated with cook loss (- 0.43), star probe (- 0.16), tenderness scores by a sensory 
panel (0.46), pH at 24 h (0.17) and 48 h (0.15), lactate (- 0.22), and glycolytic potential (- 
0.21) (Huff-Lonergan et al., 2002). Because of the relationship of juiciness to other 
quality traits valued by consumers, it is pertinent that researchers continue to monitor 
juiciness in pork products. 
Aging and Tenderness 
Meat tenderness is a highly-valued consumer trait. It is defined as ‘the ease, 
perceived by the consumer, with which meat structure is disorganized during 
mastication’ (Lepetit and Culioli, 1994). The development of tenderness is dependent on 
the architecture and integrity of the skeletal muscle cell and on the events that modify 
proteins and their interactions (McCormick, 2009). Antemortem factors contributing to 
tenderness include genetics, sex, nutrition, and collagen content. These production 
factors can have direct effects on postmortem events and characteristics. Postmortem 
factors include sarcomere length, proteolysis, and protein oxidation. Tenderness is 
evaluated using both sensory evaluation, by trained panelists, and instrumental tools 
such as Warner-Bratzler shear, slice shear force (SSF), and star probe evaluation. 
Warner-Bratzler shear force (WBSF) measures the force required to shear through a 
cooked meat sample, at right angles to the fiber axis (Honikel, 1998). Slice shear force 
(SSF) measures the force (kg.) required to shear through the length of a meat portion, at 
a 45 degree angle to the long axis of the Longissimus and parallel with the muscle fibers, 
using two parallel dull blades spaced 1 cm apart (Shackelford et al., 1999a, b). The star 
48 
 
 
probe attachment, on an Instron, measures the force required to compress a cooked 
meat product to 20 % its original height (Lonergan et al., 2007; Anderson et al., 2012).  
Innate differences in pork tenderness trace back to the genetics of the pig. This is 
documented by differences in WBSF, sensory tenderness, and juiciness scores. When 
comparing pork Longissimus thoracis (LT), aged 7 d, from Large White, Czech, Duroc, 
and Landrace pigs, pork from Large White barrows and gilts was most tough (46.51 ± 
4.67 N) and pork from Durocs was most tender (33.50 ± 4.50 N) (Jeleníková et al., 2008). 
Increased tenderness of Durocs was attributed to the greater IMF content when 
compared to IMF content of pork from Large White pigs (%) (5.05 ± 0.63, 2.45 ± 0.35 
respectively) (Jeleníková et al., 2008). Strong correlations supported this attribution. 
Shear force (r = -0.86) and sensory tenderness scores (r = 0.62) were highly correlated 
with IMF (%) (Jeleníková et al., 2008). It is important to remember that pork quality 
within a breed can change over time as documented by purebred Duroc pigs sired from 
boars in the 2000’s compared to boars sired in the 1980’s (Schwab et al., 2006). Loins 
from pigs sired by purebred Duroc boars in the 2000’s had lesser i.m. fat, greater Instron 
force, and were lighter in color than pork from pigs sired by boars form the 1980’s 
(Schwab et al., 2006). 
 Maintaining a strong genetic program is integral to raising commercial livestock 
herds efficiently. Scientists work to identify genomic regions in pigs containing single 
nucleotide polymorphisms (SNPs) associated with economically important meat quality 
and carcass traits using Genome-Wide Association (GWA) analyses (Becker et al., 2013; 
Ma et al., 2013; Nonneman et al., 2013; Uimari et al., 2013; Sanchez et al., 2014; Bernal 
49 
 
 
Rubio et al., 2015).Two SNP associated with 2 traits, for WBS and tenderness, related to 
meat tenderness are located on SSC2 (Sus Scrofa Chromosome) (Nonneman et al., 2013; 
Casiró et al., 2017). This genomic region contains candidate genes such as calpain-1 
catalytic subunit (Nonneman et al., 2013; Bernal Rubio et al., 2015), cystatin E/M and 
cathepsin W (Bernal Rubio et al., 2015). QTL regions on SSC3 and SSC5 also contain SNP 
associated with tenderness.  
SSC15 also contains markers for a variety of traits associated with quality. The 
QTL (quantitative trait loci) peak for juiciness, tenderness, and WBSF corresponds to 
marker MARC0047188, where the B allele is associated with juicier and more tender 
meat (Casiró et al., 2017). The B allele of marker MARC0093624 is associated with 
higher pH at 24 h postmortem, protein content, increased cook yield, and reduced drip 
loss (Casiró et al., 2017). QTL regions are also associated with 10th-rib back fat, loin 
weight, loin muscle area, dressing percentage, carcass length, number of ribs, and belly 
weight (Casiró et al., 2017). 
Another innate aspect that contributes to pork tenderness is sex of the pig. No 
effect of sex on instrumental tenderness of pork LM has been reported (Ramsey et al., 
1973; Barton-Gade, 1987), whereas other studies have reported the LM from barrows to 
be more tender than gilts using slice shear force (SSF) and sensory panels, respectively 
(D’Souza and Mullan, 2002; Overholt et al., 2016). Carcasses from 371 barrows and 445 
gilts were evaluated. Pork LM from barrows averaged 0.16 kg lower SSF values than gilts 
(14.90 vs. 15.06 kg, respectively; P < 0.01) (Overholt et al., 2016). 
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Feed composition of pig diets also influences pork tenderness. Pigs fed barley 
had greater loin chop tenderness (7.0) than pigs fed corn, grain sorghum, and wheat 
using trained sensory panelists and (6.4, 6.6 and 6.4 respectively). Pork Longissimus 
from pigs fed barley had greater tenderness than pigs fed corn, indicated by lower WBSF 
values (kg) (3.01, 3.34 respectively) (Ramsey et al., 1973). Pork loin from pigs fed diets 
with reduced dietary energy had greater toughness than pigs fed a higher energy intake. 
It was suggested that greater toughness was a result of lesser fat accretion and a leaner 
end product (Thornton et al., 1968). For a comprehensive overview, of the impact of 
swine nutrition on a variety of pork quality traits, refer to the review by Pettigrew and 
Esnaola (2001). 
Since the time these studies were conducted, great improvements formulating 
pig diets to meet their nutritional needs during growth have been made, but challenges 
still exist. These include feeding pigs during environmental times of stress (heat stress, 
cold stress, etc.) and during health challenges. Pork tenderness from pigs divergently 
selected for residual feed intake were fed two diets: low energy, high fiber and high 
energy, low fiber. Tenderness was not different between pigs of divergent genetics or 
for pigs fed high or low energy diets (Arkfeld et al., 2015). As previously discussed, it is 
known that stressful events commonly cause pigs to reduce feed intake and therefore 
reduce their energy intake, but it is not known how tenderness and other quality 
parameters are impacted when pigs of diverse genetic backgrounds experience a health 
challenge.  
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 Connective tissue is composed of a hierarchy with three domains. The 
endomysium surrounds individual muscle cells, the perimysium sheaths muscle bundles, 
and epimysium surrounds the muscle as a whole (Nishimura et al., 1994). Collagen and 
elastin fibers, embedded in a matrix of proteoglycan, form a network that composes the 
endomysium and perimysium. Because the epimysium is mostly removed during 
fabrication of carcasses, it does not contribute to meat toughness. Greater than 90 % of 
i.m. collagen is located in the perimysium (McCormick, 1999). This is why focus is placed 
on contribution of perimysium to meat toughness.  
 In raw, uncooked pork, total collagen content (r = 0.717), shear force value of 
i.m. connective tissue (r = 0.857), and thickness of the secondary perimysium (r = 0.750) 
are highly correlated to shear force values of raw, uncooked pork (Nishimura et al., 
2009). This relationship is not as simple in cooked meats because collagen cross-linking 
increases as animals age (Lepetit, 2007), and greater collagen cross-linking lessens the 
heat solubility of collagen during cooking (Tanzer, 1973; Lepetit, 2007). Because of this 
decrease, collagen content alone does not consistently correlate strongly to tenderness 
of cooked meat products. Wheeler et al. (2000) documented statistically significant 
correlations between collagen concentration (mg/g) and tenderness (r = -0.34) across 
multiple pork muscles (ST, TB, LL, SM, and BF), but in beef, correlations between 
collagen content and cooked meat tenderness were not significant (Campo et al., 2000; 
Christensen et al., 2011). Therefore, when considering the contribution of collagen to 
cooked meats, collagen content, cross-linking, and heat solubility should be 
cumulatively evaluated. 
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As previously discussed, the conversion of muscle to meat is an extremely 
dynamic process. It includes the rate and extent of pH decline along with temperature 
decline, activation of the calpain system, extent of cytoskeletal protein proteolysis, and 
protein oxidation. In combination, these postmortem activities greatly impact meat 
tenderness. Upon onset of rigor, sarcomeres shorten as actomyosin cross-bridges form; 
the degree of shortening varies across muscle types. When four muscles were 
evaluated, sarcomere length (µm) of one-day aged pork was greatest for the ST (2.45) 
and Triceps brachii (TB; 2.44), lesser for the SM (1.83) and least in the Biceps femoris 
(BF; 1.74) (Wheeler et al., 2000). Length of the sarcomere in the Longissimus lumborum 
(LL; 1.78) was lesser than the sarcomere length of the ST and TB but not different than 
the SM or BF. Scores from trained sensory panelists showed tenderness to be greatest 
for the ST (7.2) and TB (7.1), lesser for the LL (6.4), and SM (5.7) and least tender for the 
BF (4.0) (Wheeler et al., 2000). Across all muscles, sarcomere length was highly 
correlated to tenderness (0.64), connective tissue abundance (0.62), and juiciness (0.64) 
(Wheeler et al., 2000). It is important to remember that the contribution of sarcomere 
length, during early postmortem periods, to tenderness changes as the meat ages due 
to other postmortem activities such as proteolysis.  
Even though genetics, nutrition, collagen, and sarcomere length can greatly 
impact tenderness, variation in tenderness cannot be completely attributed to their 
influence. As previously described, postmortem proteolysis by the calpain system 
degrades proteins during aging, aiding in greater tenderization (Goll et al., 1998). To 
further understand this relationship, Carlson et al. (2017b) developed a sample set of 
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pork loin chops, using star probe evaluation, of which chops were categorized into 
groups that were tough and tender. Chops were also given tenderness scores by trained 
sensory panelists, using a 10-point scale. Tough chops averaged a sensory tenderness 
score of 8.1 and the tender group averaged a score of 3.9. Though chops were 
extremely different in tenderness, they had moderate pH, color, marbling, and 
sarcomere lengths. Chops in the tender group exhibited greater degradation of the 
cytoskeletal proteins. This was demonstrated by quantifying degradation products of 
troponin-T (1.25 tender, 0.60 tough) and desmin (1.10 tender, 0.31 tough), quantifying 
the abundance of intact filamin (0.92 tender, 1.37 tough), and visually documenting the 
presence of intact titin. All units are expressed as the relative abundance of the protein 
compared to the reference sample. This research further documents the key role of 
protein degradation during aging and its role in tenderization.  
Proteins face oxidative conditions in postmortem muscle (Martinaud et al., 1997; 
Rowe et al., 2004a). Bao and Ertbjerg (2015) used high oxygen in modified atmospheric 
packages to cause protein oxidation in pork loin chops (aged 14 d). As oxygen 
concentration in the packaging increased (0, 20, 40, 60, and 80 % O2), free thiol content 
was decreased by up to 17 % compared to the unaged control (61 nmol/mg protein). 
Meat toughness was evaluated using Allo-Kramer shear force and aged controls (0 % 
oxygen, aged 14 d; 62 N/g) were 43 % more tender than the unaged controls (107 N/g). 
Samples became more tough as oxygen concentration increased, compared to the aged 
control; shear force ranged from ~ 70 N/g (20 % oxygen) to ~ 90 N/g (80 % oxygen). This 
is due to the cross-linking of large proteins such as titin and myosin (Kim et al., 2010), 
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which subsequently reduces tenderness and juiciness of meat (Lund et al., 2007).  
Oxidation has also been shown to decrease the ability of calpain-1 to degrade its 
substrates (Guttmann and Johnson, 1998; Rowe et al., 2004b; Carlin et al., 2006). In 
vitro oxidation by H2O2 and Fe2+, substantially inhibited calpain proteolysis of desmin, 
but increased its susceptibility to caspase-3 and 6 following 6 h of incubation (Chen et 
al., 2014). Authors contributed susceptibility changes by caspases to oxygen radicals 
altering the secondary structure of desmin. Because it is known that greater 
degradation of cytoskeletal proteins during aging contributes to improved tenderness, 
further investigations should be conducted to document the extent to which oxidative 
stress influences meat tenderness. 
Summary 
It is understood that muscle composition, transportation, lairage, slaughter 
conditions, and postmortem storage conditions all influence pork quality. It is also 
known that consumers generally use color and sensory traits such as tenderness and 
juiciness to determine a product’s acceptability. While managing these influences, it is 
also a goal of pork producers and meat processors to remain economically viable to be 
successful long term. Part of maintaining economic viability is through growth 
performance. Because feed efficiency is a key to doing this, understanding the 
mechanisms of this efficiency is critical. Therefore, the objective of the study described 
in this thesis was to determine the influence a dual respiratory and enteric pathogenic 
infection had on the growth, carcass composition, and pork quality of pigs differing in 
residual feed intake. 
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Abstract 
  The objective of this study was to determine the influence a dual respiratory 
and enteric pathogen challenge had on growth performance, carcass composition, and 
pork quality of high and low feed efficient pigs. It was hypothesized that pigs with 
greater feed efficiency would have a more negative response to an early growth period 
dual pathogen challenge than less feed efficient pigs. Pigs divergently selected for low 
and high residual feed intake (RFI, ~ 68 kg) from the 11th generation of Iowa State 
University RFI project were used to represent high and low feed efficiency. To elicit a 
dual pathogen challenge, half of the pigs (n = 12 / line) were inoculated with 
Mycoplasma hyopneumoniae (Mh) and Lawsonia intracellularis (MhLI) on days post 
inoculation (dpi) 0. Pigs in a separate room of the barn were not inoculated and were 
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used as controls (n = 12 / RFI line). Pigs were weighed and feed intake was recorded to 
calculate ADG, ADFI, and G:F for the acclimation period (period 1: dpi -21 - 0), during 
peak infection (period 2: dpi 0 - 42), and during the remaining growth period to reach 
market weight (period 3: dpi 42 – slaughter). At ~ 125 kg, pigs were slaughtered using 
standard commercial procedures. Carcasses were evaluated for composition (weight, fat 
free lean, loin eye area, 10th rib fat depth) and meat quality (pH decline, temperature 
decline, Hunter L, a, and b, subjective color and marbling, star probe, drip loss, cook 
loss, proximate composition, and desmin degradation). Challenged pigs had reduced 
ADFI during period 2 (P < 0.05). However, pigs from the MhLI group had greater ADG 
and G:F during period 3 (P < 0.05). Selection for feed efficiency did not result in a 
differential response to MhLI (P > 0.05). Loin chops from the less feed efficient, high RFI 
pigs, had greater drip loss, greater cook loss, lesser % moisture, greater Hunter L values, 
and greater Hunter b values (P < 0.05) than chops from low RFI pigs. Infection status did 
not significantly affect carcass composition or pork quality traits (P > 0.05). Peak 
antibody response of Mh was correlated significantly with pH decline, temperature 
decline, color (Hunter L, a, and b), drip loss, cook loss, 10th rib back fat, % moisture, and 
% fat (P < 0.05). These results indicate that a MhLI challenge early in growth did not 
significantly impact ultimate carcass composition or meat quality traits. Further, 
selection for greater feed efficiency in pigs did not affect their response to pathogenic 
challenge. The antibody response correlations are indicative of a previously 
unrecognized relationship between a dual pathogen challenge early in growth and 
carcass composition and pork quality.  
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Introduction 
The hypothesis of energy resource allocation proposes that energy demanding 
processes (behavioral, physiological, or immunological), may be compromised in 
animals selected for high production efficiencies (Rauw et al., 1998; Rauw, 2012). The 
rationale for this hypothesis is that animals that are pre-dispositioned for efficient 
accretion of muscle and adipose tissue are less likely to divert nutrients to address other 
physiological stressors. The hypothesis of energy resource allocation has not been 
supported by inflammatory (Merlot et al., 2016) or viral (Dunkelberger et al., 2015) 
challenges in pigs divergently selected for residual feed intake (RFI).  
Residual feed intake is one trait that can be used as a model to test the resource 
allocation hypothesis. It is defined as the difference between observed and expected 
feed intake based on ADG and back fat (Koch et al., 1963; Kennedy et al., 1993). Low RFI 
(LRFI) animals are more feed efficient than their high RFI (HRFI) counterparts. Genetic 
variation of RFI is attributed to feeding behavior, maintenance requirements, nutrient 
digestion, energy homeostasis, and energy partitioning (Luiting, 1998).  
 Mycoplasma hyopneumoniae and Lawsonia intracellularis are two common 
pathogens encountered in commercial swine production (United States Department of 
Agriculture, 2016). To date, the extent to which dual pathogenic infection influences 
swine growth performance, carcass composition, and pork quality is poorly defined. 
Because carcass composition and quality influence value, it is important to define how 
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production factors such as feed efficiency and pathogen challenges influence them. 
Because pigs that demonstrate greater feed efficiency have fewer available resources to 
respond to dual pathogenic challenge, it is hypothesized that those pigs would 
demonstrate poorer growth performance, carcass composition, and pork quality in 
response to that challenge. Therefore, the objective of the study was to determine the 
influence a dual respiratory and enteric pathogenic infection had on the growth, carcass 
composition, and pork quality of pigs differing in RFI.  
Materials and Methods 
Animal work was approved by the Iowa State University Institutional Animal Care 
and Use Committee (IACUC # 6-16-8298-S) and adhered to the ethical and humane use 
of animals for research. Twenty four HRFI and 24 LRFI  barrows (49.34 ± 7.52 kg BW; 116 
± 5 d of age), from the 11th generation of Iowa State University RFI selection project (Cai 
et al., 2008; Hsu et al., 2015), were split evenly across 2 rooms in 1 barn and  penned 
individually. One room (n = 12 pigs/line) was designated as a control room; the other (n 
= 12 pigs/line) was designated as the challenge room.  Pigs had free access to water and 
feed ad libitum throughout the study and were fed a standard corn and soybean diet 
that met or exceeded their nutrient and energy requirements (Table 1).  
After a 3-week acclimation period (days post inoculation 0 [dpi]), pigs in the 
challenge room were snare restrained and inoculated intra-tracheally with 10 mL of 
crude lung inoculum (strain 232, containing 105 genomic units/mL) of live Mycoplasma 
hyopneumoniae (Mh). Pigs were then inoculated via intra-gastric gavage with 40 mL 
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Lawsonia intracellularis (LI) inoculum (2 mL crude gut homogenate, containing 2 x 107 
organisms). This dual pathogen challenge of Mh and LI is denoted as MhLI in this study. 
Both inoculums were prepared at the Iowa State University Veterinary Diagnostic 
Laboratory (ISUVDL, Ames, IA). The pigs in the control room were snare restrained and 
inoculated with a sham on dpi 0. 
Jugular venipuncture was used on all pigs to collect blood samples (10mL), on dpi 
0, 7, 14, 28, 42, in BD Vacutainer serum tubes (Becton, Dickinson and Company, Franklin 
Lakes, NJ), allowed to clot, centrifuged (2,000 x g for 10 min at 4°C), and stored at -80°C. 
Serum samples were submitted to the ISUVDL to quantify the Mh and LI antibody 
responses using routine ELISA. Antibody response of LI was reported as percent 
inhibition of LI antibodies (20 – 30 % inhibition = suspect; > 30 % inhibition = positive) 
and antibody response of Mh was reported as a ratio of sample to positive (S:P; 0.30 – 
0.40 = suspect; > 0.40 = positive) (Helm et al., 2017). One pig was removed from the 
study, but the removal was not related to the experimental conditions. The 47 
remaining pigs represented all treatment groups (LRFI control, n = 11; LRFI MhLI, n = 12; 
HRFI control, n = 12; HRFI MhLI, n = 12).  
 On dpi -21, 0, 7, 14, 21, 28, 35, 42, and the day before slaughter (three slaughter 
groups; dpi 83, 118, 127), BW and feed disappearance were recorded to calculate ADG, 
ADFI, and G:F for each pig. Once pigs weighed approximately 125 kg BW, they were 
transported 8 km to the Iowa State University Meat Laboratory (Ames, IA). Pigs were 
randomly assigned pens at the harvesting facility and had free access to water. The 
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lairage period was approximately 17-20 h. Pigs were weighed, electrically stunned, and 
immediately exsanguinated. All harvesting procedures are standard methods used in the 
United States and were done under USDA inspection. Once passing inspection, dressed 
carcasses were weighed and then placed in the overnight cooler (-2°C).  
The pH and temperature of the LM were evaluated at 45 min, 3 h, 6 h, and 1 d 
postmortem. The pH meter was calibrated before use, with pH buffers 4 and 7 at 20°C, 
for measurements taken at 45 min and 3 h, and 4°C for measurements taken at 6 h and 
1 d postmortem. Before each pH measurement, calibration of pH was checked in pH 7 
buffer to ensure it remained within range (6.95 and 7.05 pH). If pH exceeded this range, 
the pH meter was recalibrated. The pH probe was placed in the LM at the 13th rib with a 
portable HANNA HI9025 pH meter (HANNA Instruments, Woonsocket, RI). The 
temperature was measured in the LM approximately 5 cm cranial to the location pH was 
measured.  
Carcasses were moved from the overnight cooler to the holding cooler (1°C) 
approximately 24 h postmortem. Each carcass was ribbed at the 10th rib, on the left 
side, to measure fat depth and loin eye area (LEA) 1 d postmortem (NPPC, 1991). These 
measurements were used to calculate fat free lean (FFL) % (Burson and Berg, 2001).  
Chop Allocation. The loin from the right side of each carcass was removed and 
chops were allocated (Fig. 1) 1 d postmortem. A 10-cm roast was removed from the 
sirloin end of each loin before cutting chops. Chops 1 – 5 were cut 1.27 cm thick and 
chops 6 – 11 were cut 2.54 cm thick. Samples for biochemical evaluation were vacuum 
84 
 
 
packaged and aged for 1, 7, or 14 d postmortem (chops 3 – 5). Once reaching the 
designated aging time, each sample was cubed, frozen with liquid nitrogen, and 
homogenized using a Waring Blender (Waring Commercial, New Hartford, CT). 
Powdered samples remained frozen at -80°C prior to gel sample preparation. 
Hunter L, a, and b were measured on chops 8 and 9, 1 d postmortem using a 
Minolta Chroma Meter (CR-410; Konica Minolta Sensing Americas Inc., Ramsey, NJ), 
with a D65 light source, 50 mm aperture, and 0° observer. Each chop was then weighed 
and placed in a sealed Ziploc™ bag and stored at 4° C. Chops were re-weighed 3 d 
postmortem to calculate drip loss [(chop wt. d 1 – chop wt. d 3) / chop wt. d 1) * 100]. 
The drip loss for each chop was averaged for each loin. Chops 10 and 11 were trimmed 
just to include the LM, frozen with liquid nitrogen, and homogenized using a Waring 
Blender (Waring Commercial, New Hartford, CT). Intramuscular moisture, fat, and 
protein were determined on the homogenized sample. Protein % was determined using 
the combustion method (AOAC, 1993). Moisture content was determined by using the 
oven-drying method and hexane extraction was used to determine crude fat content 
(AOAC, 1990).  
Chops for star probe analysis (chops 6 – 7, Fig. 1) were vacuum packaged and 
aged 14 d at 1°C in the dark. On d 14, chops were removed from refrigeration and 
allowed to bloom for 15 min at room temperature (approximately 22° C). Subjective 
color and marbling scores were assigned to chops using standard pictures set by the 
National Pork Board (Color: 6-point scale, 1 = pale pinkish gray to white; 6 = dark 
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purplish red; Marbling: 10-point scale, 1 = 1.0 % i.m. fat; 10 = 10.0 % i.m. fat) (National 
Pork Board, 2000) . Hunter L, a, and b were measured as previously described using a 
Minolta Chroma Meter (CR-410; Konica Minolta Sensing Americas Inc., Ramsey, NJ). The 
pH was measured, on the same chop following color evaluation, with the same pH 
meter as previously described (# HI9025, HANNA Instruments, Woonsocket, RI). 
Calibration was conducted and maintained for the pH meter as previously described.  
Each chop was trimmed to remove adipose and epimysial connective tissue. 
Chops were cooked to an internal temperature of 68°C on clamshell grills (Cuisinart, 
Conair Group). Cook loss was measured using the following equation: [(raw wt. – cook 
wt.) / raw wt.] * 100. Cooked chops were cooled to room temperature (approximately 
20°C). An Instron (Instron Products, Grove City, PA) was fitted with a 5-point star probe 
attachment to measure instrumental tenderness. Star probe evaluates the force (kg) 
required to compress a cooked pork chop to 20 % original height (Huff-Lonergan et al., 
2002; Anderson et al., 2012; Carlson et al., 2017).   
Whole Muscle Samples. For SDS-PAGE and Western blotting, frozen, 
homogenized, powdered LM samples aged 1, 7, or 14 d were solubilized using whole 
muscle extraction buffer (2 % sodium dodecyl sulfate, 10 mM sodium phosphate, pH 
7.0). Half gram of sample was homogenized, for approximately 20 s, with 10 mL whole 
muscle extraction buffer using a Dounce homogenizer attachment on an overhead 
stirrer (Heidolph, type: RZR 1, No: 501-11000-04-1). Solubilized samples were clarified 
with centrifugation (Super-T-21, Thermo Fisher) at 1,500 x g for 20 min at 21°C using a 
Sorvall ST-H750 rotor (Newton, CT).  
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Protein Concentration. Protein concentrations were determined using a modified 
Lowry’s assay with premixed reagents (DC protein assay; Bio-Rad Laboratories, Hercules, 
CA). Plates were incubated for 15 min at room temperature before protein 
concentration was determined in duplicate samples at 750 nm. A value was accepted if 
the coefficient of variation was < 5.0 %.  
Gel Sample Preparation. Gel samples were adjusted to 4 mg/ml protein in 
Wang’s tracking dye (3 mM EDTA, 3 % [wt/vol] SDS, 30 % [vol/vol] glycerol, 0.01 % 
[wt/vol] pyronin-Y, 30 mM Tris HCl, pH 8.0), vortexed, heated (approximately 50°C for 
15 min), and then stored at -80°C. Protein concentration consistency was confirmed by 
running gel samples on 15 % SDS-PAGE gels and staining them with Coomassie Blue. 
 Running Conditions. Sodium dodecyl sulfate PAGE was performed to quantify the 
rate and extent of desmin degradation in samples aged 1, 7, or 14 d. Forty mg of protein 
per sample was loaded onto 15 % polyacrylamide separating gels (10 cm x 10 cm; 
acrylamide: N,N’-bis-methylene acrylamide = 100:1 [wt/wt], 0.1 % [wt/vol] SDS, 0.05 % 
[vol/vol] tetramethylenediamine (TEMED), 0.05 % [wt/vol] ammonium persulfate 
(AMPER), 0.5 M Tris-HCl, pH 8.8). Five % polyacrylamide stacking gels (10 cm x 3 cm; 
acrylamide: N,N’-bis-methylene acrylamide = 100:1 [wt/wt], 0.1 % [wt/vol] SDS, 0.125 % 
[vol/vol] TEMED, 0.075 % [wt/vol] AMPER, 0.125 M Tris-HCl, pH 6.8) were used. One 
well on each gel included 40 µg protein of the same reference sample. The reference 
sample (4 mg/mL protein) was from a loin chop, aged 14 d, from a pig outside of this 
study. A broad-range molecular weight standard was loaded into the first lane of each 
gel to use as a visual reference for approximate molecular weight. All samples were run 
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in duplicate. SE 260 Hoefer Mighty Small II electrophoresis units (Hoefer, Inc., Holliston, 
MA) were used to run the 15 % polyacrylamide gels at constant 80 V for 360 V-h. 
Running buffer was composed of 25 mM Tris, 192 mM Glycine, 2 mM EDTA, and 0.1 % 
[wt/vol] SDS.  
 Transfer Conditions. Polyvinylidene difluoride (PVDF) membranes, pore size of 
0.2 µm, (Immobiolon-PSQ, 26.5 x 3.75 M RL, VCAT#ISEQ00010) were activated by 
submersion in methanol for 2 - 4 min before use. Proteins were transferred onto 
membranes using TE-22 Mighty Small Transphor units (Hoefer, Inc., Holliston, MA) by 
running at 90 constant V for 180 min. Transfer buffer consisted of 25 mM Tris, 192 mM 
glycine, and 15 % [vol/vol] methanol and was maintained at 5°C during transfer.  
Western Blotting. Each membrane was incubated with 15 mL blocking buffer. 
Blocking buffer consisted of 5 % non-fat dry milk (NFDM) suspended in phosphate-
buffered saline with 1 % Tween-20 (PBS-Tween; 80 mM NaH2PO4, 100 mM NaCl, 0.1 % 
[vol/vol] polyoxyethylene sorbitan monolaurate) for 1 h at room temperature. 
Immunoblots were then incubated in primary antibody solution for 16 – 18 h at 4°C. 
Primary antibody solution was composed of rabbit-anti-desmin primary antibody, 
produced at Iowa State University (Huff-Lonergan et al., 1996; Carlson et al., 2017), 
diluted in 15 mL PBS-Tween solution using a 1:40,000 dilution. Primary incubation was 
followed by 3, 10-min washes with PBS-Tween solution. Blots were incubated in 
secondary antibody solution for 1 h at room temperature. A goat-anti-rabbit-HRP 
(conjugated to horseradish peroxidase) secondary antibody (# 31460, Thermo Fisher 
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Scientific, Waltham, MA) was diluted in 15 mL PBS-Tween (1:20,000). Secondary 
antibody incubation was followed with 3, 10-min rinses with PBS-Tween solution. 
 Immunoblots were incubated in the dark for 5 min using ECL Prime Western 
Blotting Detection Reagent (GE HealthCare, AmershamTM, Piscataway, NJ) and then 
imaged using a ChemiImager 5500 (Alpha Innotech, San Leandro, CA). Densitometry was 
used to quantify the abundance of intact desmin (55 kDa) and desmin degradation 
products (38 – 54 kDa). The abundance of intact or degraded desmin was calculated as 
the ratio of the immunoreactive desmin intact band or degraded bands of each sample 
to the intensity of the internal reference sample’s desmin immunoreactive intact or 
degradation band(s), respectively (Fig. 2). Alpha Ease FC software (v. 3.03 Alpha 
Innotech, San Leandro, CA) was used to conduct densitometry analysis. All samples were 
run in duplicate.  
Statistical Analysis. A 2 x 2 factorial design was used to evaluate the fixed effects 
of line (LRFI and HRFI), infection status (control and MhLI), and their interaction. The 
MIXED procedure of SAS (version 9.4; SAS Inst. Inc., Cary, NC) was used to analyze these 
data. Slaughter group was included as a fixed effect for carcass composition and pork 
quality traits. Repeated measures were used for pH, temperature, and Hunter L, a, and b 
data. The Akaike information criterion (AIC) fit statistic was used to select the most 
appropriate covariate parameter for each evaluated trait. Body weight at dpi 0 was used 
as a covariate for ADG. Age at dpi 0 was used as a covariate for ADFI and feed efficiency. 
The quadratic relationship of each covariate was used if the linear effect of the covariate 
was significant. Gel was included as a random effect for the analysis of desmin. 
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Differences were considered significant when P ≤ 0.05 and tendencies when 0.05 < P ≤ 
0.10. 
The greatest % inhibition for LI (n = 24) and greatest S:P ratio for Mh from dpi 14, 
21, 28, or 42, for each challenged pig (n = 24), were used  to correlate LI and Mh peak 
antibody responses with carcass composition and meat quality traits. Partial 
correlations were generated using PROC CORR and were adjusted for the effects of RFI 
line and infection status. Correlations were considered significant when P ≤ 0.05. 
Results 
Response to Infection 
 Pooled serum samples and fecal swabs from a subset of pigs confirmed the 
absence of antibodies against both Mh and LI prior to inoculation (data not shown). Pigs 
inoculated with MhLI were confirmed positive, using serology antibody titers, for both 
Mh and LI by 14 dpi (Table 2). During this time (dpi 0 -42), a subset of control pigs tested 
negative for Mh and LI antibodies and LI fecal shedding (Helm et al., 2017). 
Growth Performance 
 There were no line * infection status interactions over growth periods 1, 2, or 3 
(dpi -21 to 0, 0 to 42, and 42 – slaughter, respectively) for ADG (P > 0.05, Table 3). 
Average daily gain for LRFI and HRFI pigs did not differ during periods 1 and 2 (P > 0.05), 
but HRFI pigs had a greater ADG compared to LRFI pigs during period 3 (P = 0.009). The 
ADG of MhLI and control pigs was not different period 1 and 2 but MhLI pigs had a 
greater ADG during period 3 (P = 0.009) than control pigs.  During peak infection (period 
2, Fig. 3, A), both LRFI and HRFI MhLI challenged pigs had significantly less BW gain than 
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control LRFI and HRFI pigs, respectively. During period 3, BW gains were either not 
affected by the MhLI challenge or were greater for MhLI pigs compared to controls (Fig. 
3; B, C, and D). This is an indication that MhLI challenged pigs experienced 
compensatory growth during period 3. 
 There were no significant line * infection status interactions regarding ADFI 
during the three evaluated periods of growth (P > 0.05, Table 3). Pigs from the LRFI line 
consumed 8.8 % less feed during period 1 (P = 0.008), 11.0 % less feed during period 2 (P 
= 0.001), and 18.4 % less feed during period 3 (P = 0.0004) compared to HRFI pigs. ADFI 
during period 2 and 3 was lesser for LRFI pigs compared to HRFI counterparts (P = 
0.0002). Infection status had no effect on ADFI during period 1 or 3 (P > 0.05) but MhLI 
pigs consumed 11.01 % less feed than controls during period 2 (P = 0.0003). Average 
daily feed intake during periods 2 and 3 combined was not effected by infection status 
(P = 0.235).  
 Significant line * infection status interactions were not detected for feed 
efficiency during the three growth periods (P > 0.05, Table 3). As expected, LRFI pigs had 
greater G:F than HRFI pigs during periods 1 (P = 0.026) and 2 (P = 0.009) by 10.5 % and 
11.3 %, respectively. There was no difference of G:F between RFI line during period 3 (P 
> 0.05). Differences in G:F of MhLI and control pigs was not different during period 1 and 
2, but MhLI pigs had a 14.6 % greater feed efficiency during period 3 compared to 
controls (P = 0.004).  
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Carcass Composition and Pork Quality 
Line, infection status, and their interaction did not significantly affect BW loss of 
pigs during trucking and overnight lairage (shrink) (P > 0.05, Table 4). Carcass weight was 
not different between genetic line, infection status, or line * infection status (P > 0.05). 
Line did not affect dressing percentage (P > 0.05), but there was a tendency for control 
pigs to have a greater dressing percentage than the infected pigs by 0.65 % (P = 0.064). 
An interaction between line and infection status was not detected (P > 0.05).  
 Line, infection status, and their interaction were not significant factors affecting 
FFL, LEA, or 10th rib back fat (P > 0.05, Table 4).  Line, infection status, line * time, 
infection status * time, or line * infection status did not significantly affect pH decline (P 
> 0.05, Table 5). As expected, there was a significant effect of pH decline for time (P = 
<0.0001). A tendency for a line * time * infection status interaction (P = 0.086) for pH 
was noted. This tendency is due to the faster pH decline of the HRFI MhLI group, 
specifically noticeable at 6 h postmortem, when compared to the LRFI control pigs.  
Line, infection status, time * infection status, line * time * infection status did 
not significantly affect temperature decline (P > 0.05, Table 5). As expected, time was 
significant (P = < 0.0001). There was a significant interaction of line * time for 
temperature decline (P = 0.040). This interaction occurred because the temperature of 
loins from HRFI control pigs at 45 min (38.9 °C) was lesser than LRFI control (39.9 °C), 
LRFI MhLI (40.2 °C), and HRFI MhLI (40.1°C) pigs at 45 min postmortem. At 3 h 
postmortem, LM temperatures averaged 23.6 °C and there were no differences in 
temperature between treatment groups. At 6 h postmortem, the temperature of LRFI 
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MhLI (10.7 °C) loins were colder than loins from HRFI MhLI pigs (12.6 °C, P = 0.01). The 
temperature of loins from control pigs was not different than those of either LRFI or 
HRFI MhLI group at 6 h postmortem.  
Hunter L values from chops, located adjacent to one another in the loin, 
documented that LM chops were lighter in color at d 14 postmortem compared to the 
chops evaluated d 1 (P = 0.0004, Table 6). Hunter L values were lesser for LM chops 
from LRFI (47.18 ± 0.50) compared to chops from HRFI (49.11 ± 0.51) pigs (P = 0.013) at 
1 and 14 d postmortem. Hunter a values increased over the 14 d aging period (P = 
0.001). A line * days aged interaction (P = 0.040) and an infection status * days aged 
interaction (P = 0.029) were significant for Hunter a values. These interactions exist 
because the Hunter a values for the chops from LRFI MhLI pigs increased significantly 
from 14.58 d 1 to 15.43 d 14, whereas there were no changes in Hunter a values for 
chops from LRFI control, HRFI control, or HRFI MhLI treatment groups. Hunter b values 
were greater for chops from HRFI pigs (6.88 ± 0.14) when compared to chops from LRFI 
pigs (6.27 ± 0.14, P = 0.006), and Hunter b values were greater d 14 than d 1 (P = < 
0.0001). Chops from MhLI pigs tended to have greater Hunter b values than chops from 
control pigs (P = 0.077), and chops from MhLI pigs had a greater increase in Hunter b 
values over the aging period compared to the controls (P = 0.007).  
Quality traits of fresh, never frozen, LM chops [subjective color and marbling, 
cook loss, drip loss, star probe, or proximate composition components (moisture, 
protein, and fat)] were not significantly affected by infection status or interaction of line 
and infection status (P > 0.05, Table 7). Line did not significantly affect subjective 
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marbling, star probe, protein %, or fat % (P > 0.05). Subjective color scores aligned with 
Hunter L value results; chops from LRFI pigs were darker in color (3.4 ± 0.1) than chops 
from HRFI pigs (3.0 ± 0.1, P = 0.032). Chops from LRFI pigs had less drip loss (2.62 ± 0.29) 
and cook loss (19.74 ± 0.58) than drip loss (3.66 ± 0.30) and cook loss (22.26 ± 0.59) of 
chops from HRFI pigs (P = 0.023 and 0.006, respectively). Proximate moisture 
composition was approximately 0.45 % greater in chops from LRFI (73.86 ± 0.12) pigs 
than chops from HRFI pigs (73.41 ± 0.13, P = 0.019).  
Desmin degradation was significantly different between chops from high and low 
RFI pigs with chops from HRFI pigs having greater abundance of intact desmin when 
looking at all three days of aging (P = 0.0003, Table 8). The abundance of desmin 
degradation product did not differ between lines (P > 0.05). The abundance of intact 
desmin or desmin degradation products was not different between chops from MhLI or 
control pigs (P > 0.05).  The effect of aging time was significant for both intact (P < 
0.0001) and degraded (P < 0.0001) desmin as intact desmin was decreased during aging 
(1, 7, and 14 d), and desmin degradation products became greater over 1, 7, and 14 d of 
aging.  
The IS * days aged interaction tended to affect intact (P = 0.088) desmin. This 
tendency is a result of the lack of continued proteolysis of intact desmin in the chops 
from LRFI MhLI pigs. The IS * days aged interaction tended to affect degraded (P = 
0.056) desmin. This tendency can be attributed to no significant increase in degraded 
desmin in chops from LRFI control pigs between days 7 and 14.  
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The abundance of intact desmin was not different between LRFI MhLI and HRFI 
MhLI groups at 1, 7, or 14 days of aging. Chops from LRFI control pigs had significantly 
less intact desmin than HRFI control and LRFI MhLI pigs but were not different than HRFI 
MhLI pigs 14 d postmortem.  Because of these differences, a line * infection status 
interaction was significant (P = 0.0008). This interaction was not significant for desmin 
degradation products (P > 0.05). There was a tendency for interactions of line * infection 
status * days aged for intact desmin (P = 0.10) but not for desmin degradation products 
(P > 0.05, Table 8).  
Correlations 
 The peak antibody Mh and LI titers of each pig (n = 24), from either dpi 14, 21, 
28, or 42, and the carcass and pork quality traits were used to generate partial 
correlations (Table 9). Antibody response for Mh was negatively correlated with 10th rib 
back fat (r = -0.423, P = 0.04) and % i.m. fat determined by proximate analysis of the LM 
(r = -0.605, P = < 0.01). Percent moisture of the LM was correlated to Mh antibody 
response (r = 0.502, P = 0.01). 
Antibody responses for Mh were correlated with LM pH decline at 45 min (r = 
0.443, P = 0.03), 3 h (r = 0.473, P = 0.02), 6 h (r = 0.404, P = 0.05), and 24 h (r = 0.420, P = 
0.04) postmortem but were not correlated with pH on 14 d postmortem (P > 0.05, Table 
9). The correlations of LM temperatures and Mh antibody responses closely mimicked 
that of pH values and Mh antibody responses. Temperatures were negatively correlated 
to Mh antibody responses at 45 min (r = -0.438, P = 0.03), 3 h (r = -0.450, P = 0.03), and 
6 h (r = -0.60, P = 0.02).   
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Hunter L was negatively correlated with Mh antibody responses d 1 postmortem 
(r = -0.441, P = 0.03) but not at d 14 (P > 0.05). Subjective color scores were not 
correlated with antibody responses for Mh (P > 0.05), but there was a tendency for 
subjective color to be correlated with LI antibody responses (r = -0.352, P = 0.09). 
Hunter b values were negatively correlated with Mh antibody responses d 1 (r = -0.402, 
P = 0.05) and 14 (r = -0.440, P = 0.03) postmortem.  Drip loss and cook loss were 
negatively correlated with Mh antibody responses (r = -0.419, P = 0.04 and r = -0.488, P 
= 0.02, respectively).  
Discussion 
Growth Performance 
It is known that grow-finish pigs in commercial production systems will likely 
encounter health challenges at some point in their life (United States Department of 
Agriculture, 2016). There are different propensities for how growth traits such as ADG, 
ADFI, and G:F are related to dual pathogen challenges, but more data are required to 
fully understand these relationships. The consequences of these challenges are not 
defined because dual pathogenic infections are complex and intensities vary. 
Residual feed intake is defined as the difference between observed and 
predicted feed intake based on average requirements for growth and maintenance 
(Koch et al., 1963; Kennedy et al., 1993). Selection for LRFI in pigs is moderately 
heritable (Gilbert et al., 2007; Cai et al., 2008; Young and Dekkers, 2012) and therefore 
is a valuable tool for sourcing pigs with differing feed efficiency phenotypes. Because 
LRFI pigs demonstrate greater feed efficiency and utilize fewer available resources to 
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respond to dual pathogenic challenge, it is hypothesized that those pigs would 
demonstrate poorer growth performance, carcass composition, and pork quality in 
response to that challenge. 
 The feed efficiency advantage of LRFI pigs was evident during periods 1 and 2 
but not during period 3 (dpi 42 – slaughter). The feed efficiency of control and MhLI 
challenged pigs was not different during periods 1 and 2 but the feed efficiency of MhLI 
pigs was greater than control pigs following peak infection (period 3). The MhLI pigs also 
had greater ADG and BW gains than control pigs during period 3. This leads to the 
conclusion that MhLI challenged pigs experienced compensatory growth following a 
dual pathogen challenge. The LRFI and HRFI pigs responded similarly to the MhLI 
challenge, indicating that the greater propensity of LRFI pigs to allocate resources 
toward growth did not hinder their ability to respond to a dual MhLI challenge early in 
growth.  
It has been reported that compensatory growth in gilts and barrows, as a result 
of a 52 d feed restriction (60 % ad libitum) followed by an ad libitum diet, caused greater 
protein synthesis (2325 µg/g RNA) and degradation (35.9 pmol/mg protein, tyrosine 
release) at slaughter than the synthesis (2194 µg/g RNA) and degradation (29.2 
pmol/mg protein, tyrosine release) of protein from feed restricted pigs that did not 
experience compensatory gains (Therkildsen et al., 2004). The protein synthesis of the 
pigs that experienced compensatory growth was greater and the protein degradation 
was not different than the pigs that were fed ad libitum throughout growth (Therkildsen 
et al., 2004). In gilts, altered protein turnover in vivo, because of compensatory growth, 
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caused a greater extent of postmortem tenderization, due to greater protein 
degradation (Kristensen et al., 2002), and may (Kristensen et al., 2002) or may not 
(Therkildsen et al., 2002) ultimately improve pork tenderness compared to pigs that did 
not experience a period of feed restriction. In this study, chops from HRFI MhLI groups 
had less intact desmin on d 1 postmortem compared to chops from HRFI control pigs, 
but the extent of degradation was not different between the two groups. Star probe 
was measured to evaluate instrumental tenderness and was not different between pigs 
that experienced compensatory growth (MhLI) and controls. These results indicate that 
a pathogenic infection, early in growth, does not ultimately impact meat tenderness or 
postmortem protein degradation of desmin.  
Evidence suggests that selection for improved feed efficiency, through selection 
for LRFI, does not hinder the ability of pigs to respond to inflammation (Merlot et al., 
2016) and PRRS virus (Dunkelberger et al., 2015).  The improved feed efficiency of LRFI 
pigs in this study before and during peak infection is slightly less than previous reports 
of healthy, never challenged, LRFI pigs having 13.6 % (Grubbs et al., 2013) to 35 % 
(Harris et al., 2012) greater feed efficiency than HRFI pigs.  
Carcass Composition and Pork Quality 
 Infection with MhLI early in growth did not impact the % FFL, LEA, 10th rib back 
fat, or dressing percentage. It’s interesting to note the tendency for infection to 
decrease dressing percentage, but more data are required to appropriately draw 
conclusions about this tendency. Dressing percentage was not different between RFI 
line; this result is in agreement with dressing percentage comparisons between LRFI and 
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HRFI pigs from the INRA group (Faure et al., 2013). Infection status did not affect carcass 
composition (LEA or 10th rib fat depth). This may be because pigs were infected early in 
growth and had time to replenish fat stores that may have been depleted during peak 
infection.  
 Generally, carcasses from LRFI pigs have greater loin eye depth (Smith et al., 
2011; Arkfeld et al., 2015) or the loin composes a greater percentage of the carcass 
(Lefaucheur et al., 2011; Faure et al., 2013) compared to loins from HRFI pigs. Fat depth, 
from carcasses of LRFI pigs, at the 3rd to 4th last rib, was documented to be not different 
when pigs were fed with electronic, single-space feeders (Arkfeld et al., 2015), lesser 
than back fat of HRFI pigs when fed with commercial feeders (Arkfeld et al., 2015), or 
tended to have lesser back fat (Smith et al., 2011) compared to HRFI pigs. Fat composes 
a lesser percentage of the carcasses from LRFI compared to HRFI INRA pigs (Lefaucheur 
et al., 2011, Faure et al., 2013). Both LEA and 10th rib back fat from low and high RFI 
pigs were not different in this experiment.  This may be due to increased pig to pig 
variation, method used (loin depth, % of carcass, vs. LEA), environmental conditions 
(individually penned vs. group penned), or end BW.  
 The rate and extent of pH decline in the loin can both influence loin quality. A 
lower ultimate pH is correlated with lighter color, greater drip loss, greater cook loss, 
greater toughness (Kim et al., 2016b), less juiciness, less flavor, and greater off-flavor 
(Huff-Lonergan et al., 2002). The pH at 15 min, 30 min, 45 min, and 24 h postmortem 
was reported in Duroc pigs selected for lean gain efficiency (Lonergan et al., 2001). Loins 
from the more efficient pigs had lower pH values at 15 and 45 min postmortem, but 
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ultimate pH was not different between select and control pigs (Lonergan et al., 2001). 
Like this study, ultimate pH of the LM was not different between LRFI and HRFI pigs 
from ISU RFI generations 5, 8, or 9 (Smith et al., 2011; Arkfeld et al., 2015). The ultimate 
pH for chops from INRA RFI pigs shows that the chops from LRFI pigs consistently have a 
lower ultimate pH than chops from HRFI pigs (Lefaucheur et al., 2011; Faure et al., 
2013). The early postmortem pH was not significantly different due to RFI line, 
infections status, or their interaction. Temperature decline was not significantly affected 
by line or infection status. Therefore, rate of pH or temperature decline were likely not 
the primary contributors to RFI line differences in color, drip loss, or cook loss reported 
in this study.  
Ultimate pH is not the only quality differences between pork from LRFI and HRFI 
pigs when comparing INRA and ISU studies. Drip loss and cook loss from LM chops in ISU 
studies has been reported to be not different between genetic line (Smith et al., 2011) 
or less drip loss and a tendency for less cook loss in chops from LRFI pigs (Arkfeld et al., 
2015). Results from this study are in alignment with results from previous generations of 
ISU RFI pigs as the drip loss and cook loss were significantly less in chops from LRFI pigs 
compared to chops from HRFI pigs. In contrast, Lefaucheur et al. (2011) demonstrated 
greater drip loss of chops from LRFI pigs compared to HRFI pigs in the INRA studies. 
The effect of RFI line on Hunter L, a, and b values in this study showed Hunter L 
values were lesser, Hunter a values were not different from, and Hunter b values were 
lesser for chops from LRFI pigs than HRFI pigs. Lightness values of LM chops were not 
different between RFI lines from ISU generations 5, 8, or 9 (Smith et al., 2011; Arkfeld et 
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al., 2015), but INRA studies showed LM chops from generations 4 and 6 LRFI pigs were 
lighter than HRFI pigs (Lefaucheur et al., 2011; Faure et al., 2013). Hunter a values of ISU 
studies were not different (Smith et al., 2011) or were greater in loin chops from HRFI 
pigs (Arkfeld et al., 2015), whereas Hunter a values in INRA studies were either not 
different between genetic line (Lefaucheur et al., 2011) or were greater from loin chops 
from LRFI pigs (Faure et al., 2015). Hunter b values in loin chops from previous ISU RFI 
generations have not been as consistent as other traits. Hunter b values have either 
tended be greater for LRFI pigs (Smith et al., 2011) or were greater for HRFI (Arkfeld et 
al., 2015). Hunter b values in INRA studies tended to be greater (Lefaucheur et al., 2011) 
or were greater (Faure et al., 2013) in loin chops from LRFI pigs compared to HRFI 
counterparts.  
 Fiber type composition was evaluated in LRFI and HRFI pigs from INRA studies 
after 4 generations of selection. Selection for improved feed efficiency, via selection for 
LRFI, caused the fiber type composition of the LM to have a greater percentage of type 
IIb, glycolytic fibers than HRFI pigs (Lefaucheur et al., 2011). This alteration of muscle 
fiber type composition (based on myosin heavy chain isoform) did not occur at 
generation 5 of ISU studies (Smith et al., 2011). Therefore, differences in pork quality 
trait between LRFI and HRFI pigs from ISU and INRA studies could potentially be 
attributed to fiber type composition.  
It is proposed that the correlations reported in this study demonstrate a 
connection between pathogen exposure and fiber type composition. Specifically, the 
data support that early pathogen exposure is correlated with a more rapid pH decline in 
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the LM. This could be explained by a subtle change to a more glycolytic fiber type. Peak 
antibody response of Mh at 45 min, 3 h, 6, h, and 24 h postmortem was positively 
correlated with pH, temperature decline, and multiple pork quality traits. Glycolytic 
potential is negatively correlated with pH at 24 h (r = -0.38, P = 0.0001) and 48 h (r = -
0.39, P = 0.0001) (Huff-Lonergan et al., 2002). Glycolytic potential is an indicator of the 
amount of glycogen present in the muscle at the time of slaughter.  
Greater amounts of glycogen in the muscle at slaughter provide glycolysis with 
more substrate, sustaining glycolysis for a longer period of time (Henckel et al., 2000), 
but glycogen content alone does not influence the rate and extent of pH decline. 
Phosphoglucomutase-1 (PGM-1), for example, catalyzes glucose-1-phosphate and 
glucose-6-phosphate through glucose-1, 6-bisphosphate during glycolysis (Cori and Cori, 
1936). Post-translational modifications of key metabolic enzymes, such as PGM-1, 
potentially influence the rate and extent pH decline (Anderson et al., 2014). On the 
contrary, lesser amounts of glycogen in the muscle at slaughter provide the muscle with 
less ability to sustain glycolysis, potentially resulting in meat with a higher ultimate pH. 
Less glycolytic potential could be the result of less glycolytic muscle fibers and a greater 
proportion of oxidative muscle fibers. Choi et al. (2007) demonstrated the strong 
relationship between pH at 45 min postmortem and muscle fiber composition. A higher 
pH at 45 min postmortem was positively correlated to slow myosin heavy chain (MHC) 
isoforms (r = 0.47, P < 0.001) and negatively correlated with fast MHC isoforms (r = -
0.47, P < 0.001).  
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Disease or immune system challenges can alter muscle fiber type composition. 
Piglets were immune system stimulated using a gradient percentage increase of LPS 
injections; this resulted in muscle fibers being composed of lesser type I and greater 
percentage of type II (Jia et al., 2015). Pigs in this study were not raised until market 
weight but Jia et al. (2015) hypothesized that the shift to a greater proportion of 
glycolytic muscle fibers because of infection would negatively influence meat quality. 
The shift in muscle fiber composition due to health challenge may be specific to the type 
of immune system challenge. 
Muscles with a greater proportion of oxidative, type I, muscle fibers are darker 
because of greater myoglobin concentration (Kim et al., 2016a) and greater oxidative 
capacity because of greater capillary density (Ruusunen and Puolanne, 2004). Antibody 
correlations from this study showed that as Hunter L value increases, the antibody 
response of Mh decreases (Table 9). This also means that greater Mh antibody response 
is correlated with lower Hunter L values, or a darker product. These results combined 
suggest that greater antibody response to Mh is linked to muscle metabolism that is 
more oxidative. Future studies should investigate how the type, extent, and timing of 
various pathogenic infections during pig growth influence muscle metabolism and meat 
quality. This can be done by evaluating the fiber type composition of pig muscles when 
pigs are healthy, following infection, and again at slaughter, while also evaluating 
carcass composition and meat quality traits. 
Emphysema is a respiratory disease in humans that causes reduced functionality 
of alveoli in the lungs of humans. When testing the effects of emphysema on skeletal 
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muscle fiber atrophy in hamsters, Mattson et al. (2004) reported a 13 % reduction in 
type IIb, glycolytic muscle fibers in the Tibialis anterior muscles. In general, emphysema 
cased an overall reduction in cross-sectional area (CSA) of muscle fibers, primarily 
intermediate and type IIb muscle fibers. The CSA of type IIa, IIx, and IIb was lesser (by ~ 
40, 30, and 34 %, respectively) in the Biceps femoris (caudal). The CSA of type IIx and IIb 
fibers was lesser (by ~ 31 and 26 %, respectively) in the Vastus lateralis. The CSA of type 
IIx fibers was lesser (by ~ 26 %) in the Gastrocnemius. The CSA of type I, IIa, and IIx fibers 
were lesser (by ~ 22, 38, and 27 %, respectively) in the Plantaris, and the CSA of type IIx 
and IIb fibers were lesser (by ~ 60 %) in the Tibialis anterior.  
Though emphysema and Mh infection are caused by different things 
(environmental irritants vs. bacteria, respectively), the mechanism is similar because 
both cause reduced functionality of the lung alveoli. Therefore, it may be suggested that 
the correlations of Mh antibody response with meat quality traits support the idea that 
Mh antibody response is related to a greater proportion of type I, oxidative muscle 
fibers.  
In terms of production performance, a greater antibody response is generally 
indicative of a healthier pig (Kim et al., 2011); pigs are vaccinated for this reason. When 
comparing vaccinated to non-vaccinated pigs inoculated with Mh and porcine circovirus 
2 (PCV2), vaccinated pigs had greater antibody responses, greater ADG, and less severe 
lung lesion scores compared to non-vaccinated pigs. If greater Mh antibody responses 
are related to muscles being composed of a greater proportion of oxidative muscle 
fibers and greater antibody responses are indicative of a healthier pig, a previously 
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unrecognized relationship between muscle fiber type composition and animal health 
status may exist.  
An alternative hypothesis may be proposed. It is well established that pigs 
experiencing a pathogen challenge usually have reduced feed intake. As previously 
described by the energy reallocation hypothesis, lesser available nutrients and energy 
from the diet during feed intake reduction, due pathogenic challenge, may cause 
resources to be allocated away from growth (Rauw et al., 1998; Rauw, 2012). Reduced 
available nutrients during peak infection may result in lesser adipogenesis. This 
reduction could result in fewer or smaller adipocytes present at slaughter and would 
likely result in less back fat. In this study, a greater peak antibody response of Mh was 
correlated to lesser back fat thickness and lesser % i.m. fat. Less back fat present at 
slaughter may allow loins to cool faster, pH to decline slower with a higher ultimate pH, 
and meat quality traits such as color, drip loss, and cook loss to be improved.  
Conclusion 
 Pigs selected for LRFI had greater feed efficiency and the same ADG as the less 
feed efficient, HRFI pigs, before and during peak MhLI infection. Following peak 
infection (period 3), the feed efficiency advantage of LRFI pigs was not detected. The 
MhLI challenged pigs had reduced ADFI during peak infection (period 2) and 
experienced compensatory gains during period 3. This was documented by greater ADG 
and G:F of MhLI pigs compared to controls. Carcass composition and meat quality traits 
measured in this study were not impacted by MhLI infection early in growth. The effect 
of RFI line on carcass composition and meat quality traits is similar to previous 
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generations of selection. Partial correlations provide evidence that there is a 
relationship between Mh antibody response with pH decline, temperature decline, and 
meat quality traits. Even though there was little impact of infection on carcass 
composition and meat quality in this study, the antibody response correlations warrant 
further investigation of the effect of different types, intensity, duration, and timing of 
infection on meat quality. Therefore, pigs’ response to dual pathogenic infection during 
growth may be a previously unrecognized source of variation in pork quality. 
Understanding the contribution of the physiological response to infection to pork 
composition and quality could allow measures to be put in place to produce more 
consistent, quality pork. 
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Tables and Figures  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Pork chop allocation guide. Starting at the sirloin end, chops 1 – 5 were cut 1.27 cm thick and 6 – 11 were cut 2.54 cm  
thick. 
                                  
Chop Measurement 
1 Extra 
2 Extra 
3 Biochemical: Aged 14 days
4 Biochemical: Aged 7 days
5 Biochemical: Aged 1 day
6 Star Probe: Aged 14 days
7 Star Probe: Aged 14 days 
8 Color / Drip Loss  
9 Color / Drip Loss 
10 Proximate Evaluation / pH 
11 Proximate Evaluation / pH 
 
 
 
1
1
2
 
 
                    LRFI        LRFI        LRFI                       HRFI        HRFI        HRFI 
                                                        Control Control  Control                    MhLI       MhLI       MhLI 
                                                       
 
 
 
                                                    
   
                                                         LRFI        LRFI        LRFI                       HRFI       HRFI        HRFI 
                                                        MhLI      MhLI      MhLI                      Control Control   Control 
                                                      
 
 
 
Figure 2. Representative Western blots of intact and degraded desmin in pork Longissimus dorsi whole muscle samples from low 
residual feed intake (LRFI) or high residual feed intake (HRFI) pigs in control or Mycoplasma hyopneumoniae + Lawsonia 
intracellularis (MhLI) challenge groups. The desmin intact band (55 kDa) and degradation products (38 - 54 kDa) of each sample were 
compared to corresponding intact and degradation products of a 14 d aged reference sample (Ref). Each treatment group is 
represented: LRFI control, LRFI MhLI, HRFI control, and HRFI MhLI. 
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Line     P = 0.9508    Line * dpi    P = 0.5835 
Infection Status  P = 0.0065    Infection Status * dpi  P < 0.0001 
dpi    P < 0.0001    Line * Infection Status * dpi P = 0.0008 
Line * Infection Status P = 0.3462 
 
Figure 3. Effect of dual Mycoplasma hyopneumoniae + Lawsonia intracellularis (MhLI) challenge on BW gains of pigs 
divergently selected for low or high residual feed intake (LRFI and HRFI, respectively). Body weight gain was documented for days 
post inoculation (dpi) A) 0 - 42 and from dpi 42 to the day before slaughter (B. 83, C. 118, and D. 127) for both MhLI challenged and 
control pigs. During peak infection (A), both LRFI and HRFI MhLI challenged pigs had significantly less BW gain than control LRFI and 
HRFI pigs, respectively. From dpi 42 – slaughter, BW gains were either not affected by the MhLI challenge or were greater for MhLI 
pigs compared to controls (B, C, D). This is an indication that MhLI challenged pigs experienced compensatory growth. 
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Table 1. Diet composition, as fed. 
Ingredient % 
Corn 66.67 
Soybean meal   8.40 
Corn DDGS1 22.50 
Fat   0.51 
Lysine   0.25 
Salt   1.03 
Vitamin-mineral premix2   0.13 
Ronozyme phytase   0.01 
Calculated composition  
  ME, kcal/kg 3,400. 
  Crude Protein, % 15.50 
  SID Lysine, % 0.87 
  STTD P, % 0.28 
1DDGS = dried distiller’s grains with solubles. 
2Vitamin-mineral premix supplied (per kg of diet): 66,000,000 IU vitamin A, 12,120,000 IU 
vitamin D3, 35,200 IU vitamin E, 0.022 g vitamin B, 3.3 g riboflavin, 13.2 g D-pantothenic acid, 
16.61 g niacin, 1.496 g ethoxyquin, 0.6 g I as ethylenediamine dihydroiodide, 0.133 g Se as 
sodium selenite, 1.6 g Cu as copper chloride, 4 g Mn as manganous oxide, 88 g Zn as zinc oxide, 
and 88 g Fe as ferrous carbonate and ferrous sulfate. 
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Table 2. Serology of barrows (n = 24) dual inoculated with Mycoplasma hyopneumoniae 
and Lawsonia intracellularis (MhLI). A) Serum antibody titers to Mycoplasma 
hyopneumoniae (Mh) in which a S:P ratio between 0.30 – 0.40 is suspect a  S:P ratio > 
0.40 is positive for Mh. B) Serum antibody titers to Lawsonia intracellularis (LI) in which 
% inhibition between 20 – 30 % is suspect and % inhibition > 30 is positive for LI.  Pigs 
were inoculated on days post inoculation (dpi) 0 and assessed weekly until dpi 42.  
A      
dpi 0 14 21 28 42 
Mean 0.035 0.548 0.845 1.182 1.915 
SE 0.012 0.058 0.069 0.075 0.470 
Maximum 0.187 1.139 1.507 1.687 2.247 
Minimum -0.037 0.128 0.168 0.397 1.482 
B      
dpi 0 14 21 28 42 
Mean 11.4 72.5 81.8 72.9 56.7 
SE 2.5 3.8 2.5 2.7 0.8 
Maximum 38.5 91.2 91.9 89.8 57.2 
Minimum -8.4 32.6 50.4 46.3 56.0 
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Table 3. Growth performance parameters of low residual feed intake (LRFI) or high residual feed intake (HRFI) pigs in control and 
Mycoplasma hyopneumoniae + Lawsonia intracellularis (MhLI) challenge groups during three periods of time.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Treatment  P-value 
Trait LRFI HRFI  Control MhLI SEM Line 
Infection 
Status 
Line * 
Infection 
Status 
n 23 24 23 24      
ADG1 P12 
 
 
 
 
0.88 
 
 
 
  
 
0.92 0.89 0.90 0.041 0.322 0.780 
 
0.976 
ADG P23  0.69 0.73 0.73 0.68 0.036 0.276 0.130 
 
0.665 
ADG P34 0.60 0.74 0.60 0.74 0.049 0.009 0.009 
 
0.333 
ADG P2 & P3 0.64 0.72 0.67 0.69 0.037 0.027 0.693 
 
0.765 
ADFI5 P1 2.27 2.48 2.36 2.39 0.069 0.008 0.662 
 
0.155 
ADFI P2 2.49 2.78 2.78 2.49 0.076 0.001 0.0003 
 
0.318 
ADFI P3 2.92 3.51 3.15 3.29 0.144 0.0004 0.336 0.719 
DFI P2 & P3 2.66 3.04 2.90 2.80 0.085 0.0002 0.235 
 
0.408 
G:F P1 0.40 0.36 0.38 0.38 0.018 0.026 0.933 
 
0.103 
G:F P2  0.28 0.25 0.27 0.27 0.011 0.009 0.430 
 
0.542 
G:F P3     0.00 0.222 0.004 
 
0.454 G:F P3 0.21 0.20 0.19 0.22 0.009 0.222 0.004 0.454 
G:F P2 & P3 0.25 0.23 0.23 0.234 0.008 0.106 0.193 
 
0.660 
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1Average daily gain.  
2Period 1 (21-day acclimation period before infection). 
3Period 2 (days post inoculation 0 - 42). 
4Period 3 (days between period two and slaughter). 
5Average daily feed intake. 
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Table 4. Main effects of residual feed intake (RFI) line, infection status, and interaction of line * infection status on shrink, hot carcass 
weight (HCW), dressing percentage (DP), fat free lean (FFL), loin eye area (LEA), and 10th rib fat depth.  
 
 
 
 
 
 
1Low Residual Feed Intake. 
2High Residual Feed Intake. 
3Pigs inoculated with Mycoplasma hyopneumoniae and Lawsonia intracellularis. 
4BW lost during transportation and lairage. 
5Calculated using HCW, LEA, and 10th rib fat depth (Burson and Berg, 2001). 
 
 
 
 Treatment  P-value 
Trait LRFI1 HRFI2 Control MhLI3 SEM Line 
Infection 
Status 
RFI Line * 
Infection Status 
n 23 24 23 24     
Shrink4, % 4.35 4.05 4.09 4.31 0.305 0.371 0.459 0.849 
HCW, kg 92.53 93.82 92.72 93.63 1.687 0.478 0.581 0.118 
DP, % 77.75 77.49 77.95 77.30 0.353 0.498 0.064 0.853 
FFL5, % 50.23 50.11 49.65 50.68 0.962 0.909 0.275 0.641 
LEA, cm2 41.49 43.05 40.95 43.58 1.827 0.431 0.147 0.649 
10th Rib Fat 
Depth, mm 
23.75 24.61 24.75 23.61 1.698 0.639 0.493 0.454 
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Table 5. Main effects of residual feed intake (RFI) line, infection status (IS), and interactions of line, time, and IS on pH and 
temperature (°C) decline of the Longissimus muscle. 
 
 
 
 
 
 
 
 
 
1Low Residual Feed Intake. 
2High Residual Feed Intake. 
3Pigs inoculated with Mycoplasma hyopneumoniae and Lawsonia intracellularis. 
a-bWithin a row, means without a common superscript differ (P ≤ 0.05). 
w-zWithin a column, means without a common superscript differ (P ≤ 0.05). 
 Treatment  P-value 
Trait 
LRFI1 
Control 
HRFI2 
Control 
LRFI 
MhLI3 
HRFI    
MhLI 
SEM Line Time IS 
Line* 
Time 
Line* 
IS 
Time * 
IS 
Line*
Time
* IS 
n 11 12 12 12         
pH 45 min 6.42 6.36 6.24 6.32 0.07        
pH 3 h 5.92 5.95 5.90 5.76 0.08        
pH 6 h 5.78 5.73 5.73 5.60 0.06        
pH ~24 h 5.60 5.59 5.61 5.57 0.03        
pH 14 d 5.52 5.48 5.52 5.49 0.02 0.354 <0.0001 0.144 0.428 0.713 0.299 0.086 
Temp. 45 min 39.9a,w 38.9b,w 40.2a,w 40.1a,w 0.33        
Temp. 3 h 23.9x 23.5x 22.7x 24.5x 0.73        
Temp. 6 h 11.7a,b,y 11.7a,b,y 10.7b,y 12.6a,y 0.51        
Temp. 24 h 0.0b,z 0.1a,z 0.0a,b,z 0.1a,b,z 0.03 0.153 <0.0001 0.631 0.040 0.041 0.087 0.157 
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Table 6. Main effects of residual feed intake (RFI) line, infection status (IS), and interactions of RFI line, days aged, and IS on Hunter1   
L, a, b from Longissimus muscle chops aged 1 and 14 d. 
1Hunter L a b, D65 light source, 50 mm aperture, 0° observer. 
2Low Residual Feed Intake. 
3High Residual Feed Intake. 
4Pigs inoculated with Mycoplasma hyopneumoniae and Lawsonia intracellularis. 
a-bWithin a row, means without a common superscript differ (P ≤ 0.05). 
y-zWithin a column, means without a common superscript differ (P ≤ 0.05). 
 Treatment  P-value 
Trait 
LRFI2 
Control 
HRFI3 
Control 
LRFI 
MhLI4 
HRFI 
MhLI 
SEM Line 
Days 
Aged 
IS 
Line* Days 
Aged 
Line* 
IS 
Days 
Aged* 
IS 
Line* 
Days 
Aged* IS 
n 11 12 12 12         
L, d 1 46.27 48.73 47.36 48.27         
L, d 14 46.87 49.78 48.23 49.68 0.74 0.013 0.0004 0.491 0.347 0.270 0.536 0.932 
a, d 1 14.82 15.19 14.58z 15.01         
a, d 14 15.22 15.09 15.43y 15.44 0.24 0.417 0.001 0.882 0.040 0.811 0.029 0.855 
b, d 1 5.58b,z 6.35a,z 5.87a,b,z 6.18a,b,z         
b, d 14 6.46b,y 7.21a,y 7.17a,y 7.77a,y 0.22 0.006 <0.0001 0.077 0.497 0.427 0.007 0.451 
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Table 7. Main effects of residual feed intake (RFI) line, infection status (IS), and the interaction of line*IS on technical meat quality 
and proximate composition of fresh pork Longissimus muscle chops. Subjective color and marbling, cook loss, and star probe were 
evaluated on chops aged 14 d. 
 
 
 
1Low Residual Feed Intake. 
2High Residual Feed Intake. 
3Pigs inoculated with Mycoplasma hyopneumoniae and Lawsonia intracellularis. 
4National Pork Board Standards, 6-point scale (1 = pale pinkish gray to white; 6 = dark purplish red). 
5National Pork Board standards, 10-point scale (1 = 1.0 % i.m. fat; 10 = 10.0 % i.m. fat). 
6% Drip loss = [(initial weight (d 1) – final weight (d 3)) / initial weight] * 100. 
7Cooked to an internal temperature of 68°C; % cook loss = [(raw weight – cooked weight) / raw weight] * 100. 
8Force utilized to compress sample to 20 % of its original height. 
9As determined by proximate composition (AOAC, 1990). 
10As determined by proximate composition (AOAC, 1993). 
 Treatment  P-value 
Trait LRFI1  HRFI2  Control MhLI3 SEM Line IS Line * IS 
n 23 24 23 24     
Subjective Color4 3.4 3.0 3.2 3.2 0.159 0.032 0.578 0.179 
Subjective Marbling5 1.7 1.8 1.8 1.7 0.184 0.747 0.740 0.740 
Drip Loss, %6 2.62 3.66 3.17 3.11 0.410 0.023 0.878 0.633 
Cook Loss, %7 19.74 22.26 21.16 20.85 0.806 0.006 0.692 0.921 
Star Probe, kg8 5.89 6.12 5.96 6.04 0.241 0.381 0.737 0.253 
% Moisture9 73.86 73.41 73.66 73.61 0.174 0.019 0.767 0.869 
% Protein10 24.94 24.64 24.84 24.74 0.184 0.130 0.568 0.565 
% Fat9 1.67 1.74 1.67 1.74 0.185 0.716 0.724 0.666 
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Table 8. Main effects of residual feed intake (RFI) line, infection status (IS), days aged, and their appropriate interactions on intact 
desmin and desmin degradation (Deg) products of pork Longissimus muscle aged 1, 7, or 14 d. 
1Low Residual Feed Intake. 
2High Residual Feed Intake. 
3Pigs inoculated with Mycoplasma hyopneumoniae and Lawsonia intracellularis. 
455 kDa intact band was measured. 
538-54 kDa degradation products were measured. 
a-bWithin a row, means without a common superscript differ (P ≤ 0.05). 
x-zWithin a column, means without a common superscript differ (P ≤ 0.05). 
 Treatment  P-value 
Trait 
LRFI1 
Control 
HRFI2 
Control 
LRFI 
MhLI3 
HRFI 
MhLI 
SEM Line IS 
Days 
Aged  
IS* 
Days 
Aged 
Line* 
Days 
Aged 
Line* 
IS 
Line* IS* 
Days 
Aged  
n 11 12 12 12         
Intact4 d 1 3.17b,x 4.82a,x 3.46b,x 3.72b,x 0.273        
Intact d 7 1.96a,b,y 2.53a,y 1.85b,y 2.32a,b,y 0.276        
Intact d 14 0.90b,z 1.82a,z 1.93a,y 1.47a,b,z 0.277 0.0003 0.588 <0.0001 0.088 0.100 0.0008 0.100 
Deg5 d 1 0.36x 0.40x 0.39x 0.40x 0.047        
Deg d 7 0.92y 0.90y 0.82y 0.79y 0.046        
Deg d 14 1.02y 1.04z 1.00z 1.09z 0.045 0.425 0.327 <0.0001 0.056 0.432 0.796 0.660 
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Table 9. Partial correlations, with P-values in parentheses1, of Lawsonia intracellularis 
(LI) or Mycoplama hyopneumoniae (Mh) peak antibody responses and carcass 
composition traits, pH and temperature decline, technical pork quality traits, and 
degradation of desmin (n = 24 pigs).  
Trait LI     Mh 
pH 45 min -0.011 0.443 
(0.96) (0.03) 
pH 3 h -0.141 0.473 
(0.51) (0.02) 
pH 6 h -0.057 0.404 
(0.79) (0.05) 
pH 24 h -0.335 0.420 
(0.11) (0.04) 
pH d 14 -0.194 0.268 
(0.36) (0.21) 
Temp. 45 min 0.158 -0.438 
(0.46) (0.03) 
Temp. 3 h 0.187 -0.450 
(0.38) (0.03) 
Temp. 6 h 0.285 -0.460 
(0.18) (0.02) 
Hunter L2 d 1 0.039 -0.441 
(0.86) (0.03) 
Hunter a d 1 0.078 -0.044 
(0.72) (0.84) 
Hunter b d 1 0.070 -0.402 
(0.75) (0.05) 
Hunter L d 14 0.142 -0.252 
(0.51) (0.24) 
Hunter a d 14 0.057 -0.037 
(0.79) (0.86) 
Hunter b d 14 0.226 -0.440 
(0.29) (0.03) 
Drip Loss3, % 0.238 -0.419 
(0.26) (0.04) 
Subjective Color4 -0.352 0.034 
(0.09) (0.88) 
Subjective Marbling5 -0.201 -0.281 
(0.35) (0.18) 
Cook Loss6, % 0.179 -0.488 
 (0.40) (0.02) 
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Table 9 (continued).  
Trait LI        Mh 
Star Probe7, kg 0.318 -0.234 
(0.13) (0.27) 
Shrink8, % 0.035 0.097 
(0.87) (0.65) 
BW Post Shrink, kg 0.395 -0.156 
(0.06) (0.47) 
HCW, kg 0.389 -0.163 
(0.06) (0.45) 
Dressing Percentage 0.000 0.000 
(1.00) (1.00) 
LEA, cm2 -0.193 0.024 
(0.37) (0.91) 
10th Rib Back Fat, mm 0.243 -0.423 
(0.25) (0.04) 
FFL9, % -0.240 0.314 
(0.26) (0.14) 
% Moisture10 -0.129 0.502 
(0.55) (0.01) 
% Fat10 -0.085 -0.605 
(0.69) (< 0.01) 
% Protein11 0.306 0.119 
(0.15) (0.58) 
Intact12 Desmin d 1 0.133 0.187 
(0.53) (0.38) 
Intact Desmin d 7 0.181 0.073 
(0.40) (0.74) 
Intact Desmin d 14 0.211 -0.196 
(0.32) (0.36) 
Desmin deg13 d 1 -0.209 0.054 
(0.33) (0.80) 
Desmin deg d 7 -0.206 0.164 
(0.33) (0.44) 
Desmin deg d 14 -0.206 0.012 
(0.33) (0.95) 
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1Correlations were considered significant when P-values were ≤ 0.05 (shown in bold). 
2Hunter L a b, D65 light source, 50 mm aperture, 0° observer. 
3Drip Loss = [(initial weight (d 1) – final weight (d 3)) / initial weight] * 100. 
4National Pork Board Standards, 6-point scale (1 = pale pinkish gray to white; 6 = dark 
purplish red). 
5National Pork Board standards, 10-point scale (1 = 1.0 % i.m. fat; 10 = 10.0 % i.m. fat). 
6Cooked to an internal temperature of 68 °C; % cook loss = [(raw weight – cooked 
weight) / raw weight] * 100. 
7Force utilized to compress sample to 20 % of its original height. 
8Calculated as the percentage of BW lost during transport and lairage. 
9Calculated using HCW, LEA, and 10th rib fat depth (Burson and Berg, 2001). 
10Moisture and i.m. fat % was determined by proximate composition (AOAC, 1990). 
11Protein % was determined by proximate composition (AOAC, 1993). 
1255 kDa intact band was measured as a ratio of each samples 55 kDa band to a standard loaded 
on every gel. 
1338-54 kDa degradation product was measured as a ratio of each samples 38-54 kDa bands to a 
standard loaded on every gel. 
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CHAPTER 4. GENERAL CONCUSIONS 
 
The objective of the study was to determine the influence a dual respiratory and 
enteric pathogenic infection had on the growth, carcass composition, and pork quality 
of pigs differing in RFI. Mycoplasma hyopneumoniae and Lawsonia intracellularis are 
two common pathogens that negatively impact growth performance in commercial 
swine production (United States Department of Agriculture, 2016). In this study, MhLI 
challenged pigs had reduced ADFI during period 2. However, compensatory growth of 
MhLI pigs was demonstrated during period 3 by greater ADG and G:F than controls. 
Selection for feed efficiency did not result in a differential response to MhLI. Pork 
composition and quality were not significantly affected by the MhLI challenge applied at 
an early growth stage. 
In general, previous research demonstrates that carcasses from LRFI pigs are 
leaner than HRFI pigs (Lefaucheur et al., 2011; Smith et al., 2011; Faure et al., 2013; 
Arkfeld et al., 2015). Pork quality of LM chops from low and high RFI pigs in this study is 
similar to previous ISU RFI generations (Smith et al., 2011; Arkfeld et al., 2015).  
Partial correlations suggest that a relationship exists between antibody response 
during growth and early postmortem factors (pH and temperature decline) and pork 
quality (color, drip loss, cook loss, 10th rib back fat, and i.m. % fat and moisture). 
Specifically, these correlations are significant between peak Mh antibody response and 
pork composition/quality traits. This suggests that greater peak Mh antibody response is 
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linked to favorable muscle metabolism and fresh pork quality phenotype. Therefore, 
dual pathogenic infection and the pig’s response to infection during growth may be a 
previously unrecognized source of variation in pork quality. Future studies should 
investigate how the type, extent, and timing of various pathogenic infections during pig 
growth influence muscle metabolism and meat quality. This can be done by evaluating 
the fiber type composition of pig muscles when pigs are healthy, following infection, 
and again at slaughter, while also evaluating carcass composition and meat quality 
traits. Understanding the contribution of the physiological response of infection to 
variation in factors that affect pork composition and quality could allow measures to be 
put in place to produce more consistent, quality pork. This study was designed to 
answer the question of how a dual pathogenic infection, early in the growth period, 
influenced pork composition, quality, and value. Multiple questions were generated 
from the results of this study. 
1. Why did HRFI pigs exhibit compensatory growth after MhLI infection and LRFI 
pigs did not? Is compensatory growth in HRFI pigs the reason RFI line differences 
in feed efficiency did not exist during period 3?  
• Compensatory gains for HRFI pigs during period 3 could be the result of a 
combination of greater protein synthesis and reduced protein 
degradation following MhLI infection.  
2. Results from this study suggest that the MhLI infection early in growth did not 
have a significant effect on carcass composition or pork quality. Why did this 
occur?  
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• Based on growth performance during period 3, pigs had adequate time to 
recover. This means that the pigs had time to consume the required 
amount of feed to replenish any energy stores that may have partially 
been depleted during infection.  
3. Would the results of this study be the same or different if pigs would have been 
group penned instead of penned individually? Would the results of this study be 
the same or different if gilts were used instead of barrows? 
• Arkfeld et al. (2015) showed that back fat depth was not different 
between RFI line when pigs were fed with single-spaced electronic 
feeders (experiment 2), but LRFI pigs had less back fat than HRFI pigs 
when fed in a group penned setting (experiment 1). These data may be 
used to predict that if pigs used in this study were fed in a group setting, 
carcasses from LRFI pigs may have had lesser back fat thickness than HRFI 
counterparts. 
• It is not likely that results from this study for pork quality traits would be 
different if gilts were used instead of barrows, but carcass composition 
would likely have less variability and have greater leanness if gilts were 
used instead of barrows (Overholt et al., 2016). 
4. How does the timing, severity, and duration of pathogenic infection during 
growth influence carcass composition and meat quality? 
• The results from this study indicate that carcass composition and meat 
quality were not impacted by MhLI infection of pigs early during growth, 
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but the partial correlations suggest that a history of infection may be 
related to pork quality traits. A lack of data are available to fully 
understand this relationship. 
5. Why are the Mh peak antibody responses significantly correlated with meat 
quality traits, but LI peak antibody responses are not? What are the mechanisms 
behind this relationship? 
Jia et al. (2015) hypothesized that immune challenges alter muscle fiber 
type composition of muscles, which may ultimately impact meat quality 
(color, marbling, etc.). However, little data are available regarding how 
different pathogenic infections may or may not alter muscle fiber type 
composition.  
 Overall, pigs with differing feed efficiency phenotypes responded similarly to a 
dual Mycoplasma hyopneumoniae and Lawsonia intracellularis pathogen challenge early 
in growth. Challenged pigs had reduced ADFI during peak infection and demonstrated 
compensatory gains following the resolution of infection. The ultimate carcass 
composition or meat quality of the pigs was not impacted by the dual pathogen 
challenge early in growth. 
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APPENDIX A. SUPPLEMENTAL DATA 
Table A1. Partial correlations, with P-values in parentheses, of carcass composition, quality, and biochemical traits. 
Trait pH 45 min pH 3 h pH 6 h pH 24 h pH d 14 Temp. 45 min Temp. 3 h Temp. 6 h 
pH 3 h 0.740               
(<0.0001)               
pH 6 h 0.612 0.838             
(<0.0001) (<0.0001)             
pH 24 h 0.418 0.677 0.724           
(<0.01) (<0.0001) (<0.0001)           
pH d 14 0.061 0.186 0.240 0.424         
(0.69) (0.21) (0.10) (<0.01)         
Temp. 45 min -0.135 -0.149 -0.207 -0.176 -0.259       
(0.37) (0.32) (0.16) (0.24) (0.08)       
Temp. 3 h 0.149 -0.177 -0.172 -0.253 -0.123 0.283     
(0.32) (0.23) (0.25) (0.09) (0.41) (0.05)     
Temp. 6 h 0.083 -0.164 -0.167 -0.349 -0.222 0.310 0.794   
(0.58) (0.27) (0.26) (0.02) (0.13) (0.03) (<0.0001)   
Hunter L1 d 1 0.006 0.040 -0.080 -0.184 -0.477 0.107 0.308 0.316 
(0.97) (0.79) (0.59) (0.22) (<.01) (0.47) (0.04) (0.03) 
Hunter a1 d 1 -0.334 -0.280 -0.100 -0.026 0.075 -0.197 0.018 -0.098 
(0.02) (0.06) (0.50) (0.86) (0.62) (0.19) (0.90) (0.51) 
Hunter b1 d 1 -0.154 -0.068 -0.097 -0.229 -0.341 -0.074 0.332 0.205 
(0.30) (0.65) (0.51) (0.12) (0.02) (0.62) (0.02) (0.17) 
Hunter L d 14 0.006 0.021 -0.122 -0.243 -0.488 0.087 0.387 0.442 
(0.97) (0.89) (0.41) (0.10) (<0.01) (0.56) (0.01) (<0.01) 
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Table A1 (continued).  
Trait pH 45 min pH 3 h pH 6 h pH 24 h pH d 14 Temp. 45 min Temp. 3 h Temp. 6 h 
Hunter a d 14 -0.318 -0.311 -0.180 -0.195 -0.001 -0.044 -0.150 -0.153 
(0.03) (0.03) (0.23) (0.19) (1.00) (0.77) (0.31) (0.31) 
Hunter b d 14 -0.164 -0.173 -0.260 -0.380 -0.481 0.172 0.343 0.386 
(0.27) (0.24) (0.08) (0.01) (<0.01) (0.25) (0.02) (0.01) 
Drip Loss2, % -0.384 -0.326 -0.298 -0.220 -0.500 0.201 0.136 0.179 
(0.01) (0.03) (0.04) (0.14) (<0.01) (0.18) (0.36) (0.23) 
Subjective Color3 -0.122 -0.167 -0.103 0.128 0.351 0.035 -0.295 -0.359 
(0.41) (0.26) (0.49) (0.39) (0.02) (0.81) (0.04) (0.01) 
Subjective 
Marbling4 
0.086 -0.050 -0.206 -0.091 0.045 -0.326 0.173 0.101 
(0.57) (0.74) (0.17) (0.54) (0.76) (0.03) (0.24) (0.50) 
Cook Loss5, % -0.044 -0.032 -0.197 -0.065 -0.219 -0.169 0.158 0.157 
(0.77) (0.83) (0.18) (0.67) (0.14) (0.26) (0.29) (0.29) 
Star Probe6, kg -0.311 -0.241 -0.154 -0.073 -0.360 0.058 0.035 0.008 
(0.03) (0.10) (0.30) (0.62) (0.01) (0.70) (0.82) (0.96) 
Shrink7, % 0.173 0.148 0.077 0.146 0.107 -0.242 0.070 0.005 
(0.25) (0.32) (0.61) (0.33) (0.47) (0.10) (0.64) (0.97) 
BW, Post Shrink, 
kg 
-0.050 -0.272 -0.159 -0.318 0.055 0.211 0.564 0.549 
(0.74) (0.06) (0.28) (0.03) (0.71) (0.15) (<0.0001) (<0.0001) 
HCW, kg 0.023 -0.226 -0.123 -0.282 0.042 0.173 0.636 0.625 
(0.88) (0.13) (0.41) (0.05) (0.78) (0.24) (<0.0001) (<0.0001) 
Dressing 
Percentage 
0.316 0.170 0.143 0.115 -0.055 -0.163 0.389 0.399 
(0.03) (0.25) (0.34) (0.44) (0.71) (0.27) (0.01) (0.01) 
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Table A1 (continued).  
Trait pH 45 min pH 3 h pH 6 h pH 24 h pH d 14 Temp. 45 min Temp. 3 h Temp. 6 h 
LEA, cm2 0.212 0.136 0.126 0.110 -0.093 0.372 0.202 0.085 
(0.15) (0.36) (0.40) (0.46) (0.53) (0.01) (0.17) (0.57) 
10th Rib Back Fat, 
mm 
-0.147 -0.326 -0.325 -0.350 0.049 -0.140 0.456 0.536 
(0.32) (0.03) (0.03) (0.02) (0.74) (0.35) (<0.01) (<0.01) 
FFL8, % 0.181 0.296 0.282 0.307 -0.062 0.236 -0.289 -0.389 
(0.22) (0.04) (0.05) (0.04) (0.68) (0.11) (0.05) (0.01) 
% Moisture9 0.272 0.262 0.171 0.347 0.213 0.189 -0.218 -0.216 
(0.06) (0.08) (0.25) (0.02) (0.15) (0.20) (0.14) (0.14) 
% Fat9 -0.236 -0.212 -0.258 -0.303 -0.083 -0.224 0.163 0.159 
(0.11) (0.15) (0.08) (0.04) (0.58) (0.13) (0.27) (0.29) 
% Protein10 0.092 0.048 0.203 0.022 -0.047 0.097 0.186 0.115 
(0.54) (0.75) (0.17) (0.88) (0.75) (0.52) (0.21) (0.44) 
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Table A1 (continued).  
Trait pH 45 min pH 3 h pH 6 h pH 24 h pH d 14 Temp. 45 min Temp. 3 h Temp. 6 h 
Intact Desmin11 d 
1 
-0.207 -0.426 -0.425 -0.317 -0.168 0.065 -0.038 0.087 
(0.16) (<0.01) (<0.01) (0.03) (0.26) (0.66) (0.80) (0.56) 
Intact Desmin11 d 
7 
0.039 -0.195 -0.194 -0.118 -0.179 0.006 0.186 0.138 
(0.79) (0.19) (0.19) (0.43) (0.23) (0.97) (0.21) (0.35) 
Intact Desmin11 d 
14 
0.053 -0.106 -0.211 -0.074 -0.113 -0.034 0.044 0.040 
(0.72) (0.48) (0.15) (0.62) (0.45) (0.82) (0.77) (0.79) 
Desmin deg12 d 1 -0.020 0.011 0.109 -0.090 0.288 -0.343 -0.022 0.125 
(0.89) (0.94) (0.47) (0.55) (0.05) (0.02) (0.88) (0.40) 
Desmin deg12 d 7 -0.062 -0.055 0.068 0.030 0.157 0.002 0.056 0.126 
(0.68) (0.71) (0.65) (0.84) (0.29) (0.99) (0.71) (0.40) 
Desmin deg12 d 14 0.126 0.181 0.299 0.160 0.228 -0.099 -0.128 0.004 
(0.40) (0.22) (0.04) (0.28) (0.12) (0.51) (0.39) (0.98) 
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Table A1 (continued).  
Trait Hunter L d 1 Hunter a d 1 Hunter b d 1 Hunter L d 14 Hunter a d 14 Hunter b d 14 
Hunter a d 1 -0.306           
(0.04)           
Hunter b d 1 0.681 0.335         
(<0.0001) (0.02)         
Hunter L d 14 0.791 -0.232 0.556       
(<0.0001) (0.12) (<.0001)       
Hunter a d 14 -0.500 0.645 -0.061 -0.350     
(<0.01) (<0.0001) (0.68) (0.02)     
Hunter b d 14 0.445 0.100 0.551 0.678 0.265   
(<0.01) (0.50) (<0.0001) (<0.0001) (0.07)   
Drip Loss, % 0.501 0.161 0.474 0.310 -0.166 0.217 
(<0.01) (0.28) (<.01) (0.03) (0.27) (0.14) 
Subjective Color -0.497 0.172 -0.464 -0.727 0.222 -0.615 
(<0.01) (0.25) (<.01) (<0.0001) (0.13) (<0.0001) 
Subjective 
Marbling 
0.126 0.139 0.198 0.227 0.000 0.185 
(0.40) (0.35) (0.18) (0.13) (1.00) (0.21) 
Cook Loss, % 0.397 0.015 0.302 0.327 -0.197 0.111 
(0.01) (0.92) (0.04) (0.02) (0.19) (0.46) 
Star Probe, kg 0.217 0.169 0.228 0.173 0.058 0.133 
(0.14) (0.26) (0.12) (0.25) (0.70) (0.37) 
Shrink, % -0.068 -0.035 -0.100 -0.103 -0.283 -0.280 
(0.65) (0.82) (0.51) (0.49) (0.05) (0.06) 
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Table A1 (continued).  
Trait Hunter L d 1 Hunter a d 1 Hunter b d 1 Hunter L d 14 Hunter a d 14 Hunter b d 14 
BW, Post Shrink -0.129 0.165 0.008 0.112 0.086 0.196 
(0.39) (0.27) (0.96) (0.45) (0.57) (0.19) 
HCW, kg -0.082 0.168 0.052 0.141 0.054 0.211 
(0.58) (0.26) (0.73) (0.35) (0.72) (0.16) 
Dressing 
Percentage 
0.178 0.053 0.191 0.150 -0.127 0.090 
(0.23) (0.73) (0.20) (0.32) (0.40) (0.55) 
LEA, cm2 0.111 -0.219 0.019 -0.028 -0.167 -0.009 
(0.46) (0.14) (0.90) (0.85) (0.26) (0.95) 
10th Rib Back Fat, 
mm 
0.086 0.058 0.046 0.201 0.072 0.166 
(0.56) (0.70) (0.76) (0.17) (0.63) (0.27) 
FFL, % -0.027 -0.148 -0.040 -0.165 -0.129 -0.141 
(0.86) (0.32) (0.79) (0.27) (0.39) (0.34) 
% Moisture -0.278 -0.294 -0.387 -0.198 -0.103 -0.159 
(0.06) (0.05) (0.01) (0.18) (0.49) (0.29) 
% Fat 0.322 0.171 0.385 0.383 0.128 0.363 
(0.03) (0.25) (0.01) (0.01) (0.39) (0.01) 
% Protein -0.017 0.164 0.189 -0.177 0.061 -0.014 
(0.91) (0.27) (0.20) (0.24) (0.68) (0.93) 
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Table A1 (continued).  
Trait Hunter L d 1 Hunter a d 1 Hunter b d 1 Hunter L d 14 Hunter a d 14 Hunter b d 14 
Intact Desmin d 1 -0.197 0.082 -0.202 -0.112 0.161 -0.078 
(0.19) (0.58) (0.17) (0.45) (0.28) (0.60) 
Intact Desmin d 7 0.003 0.014 0.012 -0.021 0.123 0.157 
(0.98) (0.92) (0.93) (0.89) (0.41) (0.29) 
Intact Desmin d 14 0.140 -0.190 0.052 0.184 -0.023 0.229 
(0.35) (0.20) (0.73) (0.22) (0.88) (0.12) 
Desmin deg d 1 -0.187 0.274 -0.002 -0.042 0.311 0.094 
(0.21) (0.06) (0.99) (0.78) (0.03) (0.53) 
Desmin deg d 7 -0.235 0.280 -0.206 -0.144 0.179 -0.131 
(0.11) (0.06) (0.17) (0.33) (0.23) (0.38) 
Desmin deg d 14 -0.377 0.214 -0.283 -0.259 0.259 -0.138 
(0.01) (0.15) (0.05) (0.08) (0.08) (0.36) 
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Table A1 (continued).  
Trait Drip Loss, % Subjective Color Subjective 
Marbling 
Cook Loss, % Star Probe, kg 
Subjective Color -0.133         
(0.37)         
Subjective Marbling -0.076 -0.160       
(0.61) (0.28)       
Cook Loss, % 0.416 -0.129 0.227     
(<0.01) (0.39) (0.13)     
Star Probe, kg 0.508 -0.153 -0.197 0.370   
(<0.01) (0.30) (0.19) (0.01)   
Shrink, % -0.102 0.031 0.200 0.245 -0.123 
(0.49) (0.84) (0.18) (0.10) (0.41) 
BW, Post Shrink -0.006 -0.215 0.145 -0.023 -0.048 
(0.97) (0.15) (0.33) (0.88) (0.75) 
HCW, kg -0.006 -0.263 0.198 0.001 -0.008 
(0.97) (0.07) (0.18) (0.99) (0.96) 
Dressing Percentage -0.005 -0.253 0.259 0.109 0.179 
(0.97) (0.09) (0.08) (0.47) (0.23) 
LEA, cm2 0.017 -0.078 -0.194 -0.237 0.199 
(0.91) (0.60) (0.19) (0.11) (0.18) 
10th Rib Back Fat, mm 0.071 -0.087 0.413 0.330 -0.093 
(0.63) (0.56) (<0.01) (0.02) (0.53) 
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Table A1 (continued).  
Trait Drip Loss, % Subjective Color Subjective 
Marbling 
Cook Loss, % Star Probe, kg 
FFL, % -0.041 0.052 -0.392 -0.322 0.143 
(0.78) (0.73) (0.01) (0.03) (0.34) 
% Moisture -0.336 0.131 -0.482 -0.303 -0.035 
(0.02) (0.38) (<0.01) (0.04) (0.82) 
% Fat 0.087 -0.250 0.695 0.333 -0.180 
(0.56) (0.09) (<0.0001) (0.02) (0.23) 
% Protein 0.255 -0.091 -0.329 0.023 0.249 
(0.08) (0.54) (0.02) (0.88) (0.09) 
Intact Desmin d 1 -0.071 0.138 -0.230 -0.222 -0.039 
(0.64) (0.36) (0.12) (0.13) (0.79) 
Intact Desmin d 7 0.016 0.107 -0.043 0.181 0.038 
(0.91) (0.47) (0.78) (0.22) (0.80) 
Intact Desmin d 14 -0.095 -0.058 0.154 0.090 -0.163 
(0.53) (0.70) (0.30) (0.55) (0.27) 
Desmin deg d 1 -0.144 -0.174 0.263 -0.146 -0.200 
(0.34) (0.24) (0.07) (0.33) (0.18) 
Desmin deg d 7 -0.126 0.154 0.011 0.014 0.013 
(0.40) (0.30) (0.94) (0.93) (0.93) 
Desmin deg d 14 -0.196 -0.029 -0.043 -0.077 -0.090 
(0.19) (0.84) (0.77) (0.61) (0.55) 
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Table A1 (continued).  
Trait Shrink, 
% 
BW, Post 
Shrink, 
kg 
HCW, kg Dressing 
Percentage 
LEA, cm2 10th Rib 
Back Fat, 
mm 
FFL, % % 
Moisture 
% Fat 
BW, Post Shrink, 
kg 
-0.138                 
(0.36)                 
HCW, kg -0.065 0.973               
(0.67) (<0.0001)               
Dressing 
Percentage 
0.307 0.016 0.246             
(0.04) (0.92) (0.10)             
LEA, cm2 -0.237 0.167 0.235 0.286           
(0.11) (0.26) (0.11) (0.05)           
10th Rib Back Fat, 
mm 
0.181 0.339 0.352 0.108 -0.551         
(0.22) (0.02) (0.02) (0.47) (<0.0001)         
FFL, % -0.224 -0.216 -0.206 -0.003 0.773 -0.953       
(0.13) (0.15) (0.17) (0.98) (<0.0001) (<0.0001)       
% Moisture -0.223 -0.052 -0.085 -0.165 0.364 -0.444 0.486     
(0.13) (0.73) (0.57) (0.27) (0.01) (<0.01) (<0.01)     
% Fat 0.175 0.051 0.065 0.071 -0.421 0.529 -0.562 -0.723   
(0.24) (0.73) (0.66) (0.64) (<.01) (<0.01) (<0.0001) (<0.0001)   
% Protein -0.191 0.120 0.138 0.097 0.168 -0.154 0.169 -0.082 -0.398 
(0.20) (0.42) (0.35) (0.52) (0.26) (0.30) (0.26) (0.58) (0.01) 
 
 
       
 
 
  
          
 
 
 
 
1
4
2
 
 
 
 
 
 
 
 
 
Table A1 (continued).  
Trait Shrink, 
% 
BW, Post 
Shrink, 
kg 
HCW, kg Dressing 
Percentage 
LEA, cm2 10th Rib 
Back Fat, 
mm 
FFL, % % 
Moisture 
% Fat 
Intact Desmin d 1 -0.035 -0.063 -0.078 -0.067 -0.127 0.019 -0.066 0.094 -0.213 
(0.82) (0.67) (0.60) (0.65) (0.40) (0.90) (0.66) (0.53) (0.15) 
Intact Desmin d 7 0.015 -0.049 -0.012 0.152 -0.071 0.118 -0.120 -0.003 0.018 
(0.92) (0.74) (0.93) (0.31) (0.63) (0.43) (0.42) (0.98) (0.90) 
Intact Desmin d 14 -0.118 -0.066 -0.070 -0.029 0.024 0.005 0.006 0.025 0.241 
(0.43) (0.66) (0.64) (0.84) (0.87) (0.97) (0.97) (0.87) (0.10) 
Desmin deg d 1 -0.078 0.380 0.352 -0.072 -0.213 0.297 -0.307 -0.076 0.219 
(0.60) (0.01) (0.02) (0.63) (0.15) (0.04) (0.04) (0.61) (0.14) 
Desmin deg d 7 0.187 0.186 0.178 -0.010 -0.199 0.297 -0.299 -0.047 0.016 
(0.21) (0.21) (0.23) (0.95) (0.18) (0.04) (0.04) (0.75) (0.92) 
Desmin deg d 14 0.303 0.117 0.117 0.028 -0.279 0.227 -0.284 -0.034 -0.043 
(0.04) (0.43) (0.43) (0.85) (0.06) (0.12) (0.05) (0.82) (0.77) 
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Table A1 (continued).  
 
 
 
 
 
 
 
1Hunter L, a, b, D65 light source, 50 mm aperture, 0° observer. 
2Drip Loss = [(initial weight (d 1) – final weight (d 3)) / initial weight] * 100 
3National Pork Board Standards, 6-point scale (1 = pale pinkish gray to white; 6 = dark purplish red). 
4National Pork Board standards, 10-point scale (1 = 1.0 % i.m. fat; 10 = 10.0 % i.m. fat). 
5Cooked to an internal temperature of 68 °C; % cook loss = [(raw weight – cooked weight) / raw weight] * 100. 
6Force utilized to compress sample to 20 % of its original height (Carlson et al., 2017). 
7Calculated as the percentage of BW lost during transport and lairage. 
8FFL %: Calculated using HCW, LEA, and 10th rib fat depth (Burson and Berg, 2001). 
9Moisture and i.m. fat % was determined by proximate composition (AOAC, 1990). 
10Protein % was determined by proximate composition (AOAC, 1993). 
1155 kDa intact band was measured as a ratio of each samples 55 kDa band to a standard loaded on every gel. 
1238-54 kDa degradation product was measured as a ratio of each samples 38-54 kDa bands to a standard loaded on every gel.  
 
Trait Desmin Intact d 1 Desmin Intact d 7 Desmin Intact d 14  Desmin deg d 1 Desmin deg d 7 
Intact Desmin d 7 0.342     
 (0.02)     
Intact Desmin d 14 0.251 0.663    
 (0.09) (<0.0001)    
Desmin deg d 1 -0.119 -0.240 -0.208   
 (0.42) (0.10) (0.16)   
Desmin deg d 7 -0.063 -0.378 -0.596 0.425  
 (0.68) (0.01) (<0.0001) (<0.01)  
Desmin deg d 14 -0.102 (-0.180) -0.477 0.485 0.597 
 (0.49) (0.23) (<0.01) (<0.01) (<0.0001) 
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Table A2. Estimated days of growth from day of infection to 127 kg BW to evaluate the cost of infection on growth performance. 
 
1Low Residual Feed Intake. 
2High Residual Feed Intake. 
3Infected with Mycoplasma hyopneumoniae and Lawsonia intracellularis. 
4(127 kg – slaughter BW)/ daily BW gain for days post inoculation (dpi) 42 – slaughter = Days of Adjustment; (dpi at slaughter 
– dpi 0) + Days of Adjustment = Projected days to 127 kg. 
 
 
 
 
 
 
 
 
 
 
 
            
 Treatment  P-value 
Trait 
LRFI1 
Control 
HRFI2 
Control 
LRFI 
MhLI3 
HRFI 
MhLI 
SEM RFI Line 
Infection 
Status 
RFI Line * Infection 
Status 
Projected 
Days to 
127 kg.4 
118.59 101.41 112.97 106.92 5.031 0.036 0.991 0.268 
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Table A3 (continued).  
Trait ADFI P35 ADFI P3 
ADFI 
P3 
ADFI P3 ADFI P3 ADFI P3 ADFITest6 
Covariate BW3 BW3*BW3 Age3 BW3 Age3 
BW3*BW3 
Age3 
BW3*BW3 
Age3*Age3 
BW3*BW3 
AIC 78.1 88.4 90.6 79.4 88.2 98.3 44.9 
P-value - - - - - - - 
BW3 0.0003 0.25 - <0.0001 0.15 0.20 0.23 
BW3*BW3 - 0.11 - - 0.04 0.07 0.10 
Age3 - - 0.75 0.02 0.01 0.76 - 
Age3*Age3 - - - - - 0.81 - 
 
Table A3. PROC MIXED analysis used to select the covariate most appropriate for average daily feed intake (ADFI). Covariates 
were chosen using the AIC fit statistic. 
Trait 
ADFI 
P11 
ADFI P1 ADFIP1 ADFI P1 ADFIP1 
ADFI 
P22 
ADFI P2 
ADFI 
P2 
ADFI P2 ADFI P2 
Covariate BW33 BW3*BW3 Age34 
BW3 
Age3 
BW3*BW3 
Age3*Age3 
BW3 BW3*BW3 Age3 
BW3 
Age 3 
BW3*BW3 
Age3 
AIC 14.4 28.7 38.6 14.5 37.8 23.6 36.3 37.5 31.5 44.1 
P-value                     
BW3 <0.0001 0.44 - <0.0001 0.26 <0.0001 0.47 - <0.0001 0.47 
BW3*BW3 - 0.90 - - 0.77 - 0.22 - - 0.22 
Age3 - - 1.00 0.01 0.08 - - 0.1145 0.98 0.85 
Age3*Age3 - - - - 0.09 - - - - - 
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1Acclimation Period: Days post inoculation (dpi) -21 - 0. 
2dpi 0 – 42. 
3BW at dpi 0. 
4Age at dpi 0. 
5dpi 42 – slaughter.  
 
 
 
 
 
 
 
 
 
 
 
Table A4. PROC MIXED analysis used to select the covariate most appropriate for average daily gain (ADG). Covariates were 
chosen using the AIC fit statistic. 
Trait ADGP11 ADGP1 ADGP1 ADGP1 ADGP1 ADGP22 ADGP2 ADGP2 
Covariate BW33 BW3*BW3 Age34 BW3 Age3 
BW3*BW3 
Age3 
BW3 Age3 BW3 Age3 
AIC -33.5 -19.4 -27.6 -26.1 -11.6 -36.8 -37.2 -27.6 
P-value                 
BW3 0.01 0.14 - 0.005 0.17 0.61 - 0.54 
BW3*BW3 - 0.24 - - 0.30 - - - 
Age3 - - 0.95 0.19 0.24 - 0.90 0.71 
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Table A4 (continued).  
Trait ADGP35 ADGP3 ADGP3 ADGP3 ADGP3 ADGTest6 ADGTest ADGTest ADGTest 
Covariate BW3 BW3*BW3 Age3 
BW3 
Age3 
BW3*BW3 
Age3*Age3 
BW3 Age3 
BW3 
Age3 
BW3*BW3 
Age3*Age3 
AIC -16.5 -2.6 -11.1 -15.9 8.2 -37.6 -35.5 -32.4 -5.6 
P-value                   
BW3 0.01 0.43 - 0.0002 0.18 -0.06 - 0.01 0.32 
BW3*BW3 - 0.27 - - 0.07 - - - 0.19 
Age3 - - 0.24 0.004 0.39 - 0.34 0.04 0.66 
Age3*Age3 - - - - 0.35 - - - 0.63 
 
1Acclimation Period: Days post inoculation (dpi) -21 - 0. 
2dpi 0 – 42. 
3BW at dpi 0. 
4Age at dpi 0. 
5dpi 42 – slaughter.  
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Table A5. PROC MIXED analysis used to select the covariate most appropriate for feed efficiency (G:F, gain:feed). 
Covariates were chosen using the AIC fit statistic. 
Trait G:F P11 G:F P1 G:F P1 G:F P22 G:F P2 G:F P2 G:F P2 G:F P2 
Covariate BW33 Age34 BW3 Age3 BW3 BW3*BW3 Age3 BW3 Age3 
BW3*BW3 
Age3 
AIC -98.4 -98.1 -87.8 -143.6 -126.9 -137.5 -131.8 -115.1 
P-value                 
BW3 0.33 - 0.29 0.005 0.13 - 0.01 0.14 
BW3*BW3 - - - - 0.24 - - 0.24 
Age3 - 0.99 0.66 - - 0.27 0.95 0.92 
 
Table A5 (continued).  
Trait G:F P35 G:F P3 G:F P3 G:F P3 G:F Test6 G:F Test G:F Test 
Covariate BW3 Age3 BW3 Age3 BW3 Age3*Age3 BW3 Age3 BW3 Age3 
AIC -153.2 -156.7 -145.8 -131.4 -157 -159.9 -147.2 
P-value               
BW3  0.66 - 0.17 0.23 0.73 - 0.74 
BW3*BW3  - - - - - - - 
Age3 - 0.08 0.03 0.27 - 0.12 0.13 
Age3*Age3 - - - 0.25 - - - 
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1Acclimation Period: Days post inoculation (dpi) -21 - 0. 
2dpi 0 – 42. 
3BW at dpi 0. 
4Age at dpi 0. 
5dpi 42 – slaughter.  
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APPENDIX B. PUBLISHED ABSTRACTS AND SHORT PAPER 
 
Degradation of filamin in aged pork loins classified by high and low star probe values 
 
A. C. Outhouse1, K. B. Carlson1, C. A. Fedler2, E. Huff-Lonergan1, K. J. Prusa2, S. M. 
Lonergan1 
 
Department of Animal Science1, Food Science & Human Nutrition2, Iowa State 
University, Ames, Iowa 
 
Filamin is a large protein (290 kDa) that binds actin in many different cell types. It is 
located at the periphery of Z-disks in skeletal and cardiac muscle. Because of its role in 
muscle structure, filamin degradation could influence meat tenderness. The objective of 
this research was to use proteomic techniques to determine the abundance of intact 
filamin in aged pork loins with high and low star probe (SP) values. We hypothesized 
that greater proteolysis of filamin would be observed in aged pork loins that exhibit 
lower SP values. 
 
Pork loins (n = 159) were vacuum packaged and aged for nine to eleven days. Hunter L, 
a, b was measured using a Minolta Chroma Meter (D65 light source, 50 mm aperture, 
and 0º observer). Visual color and marbling, pH, total lipid content, and purge were 
determined on fresh pork chops. Following cooking to 68º C, cook loss, Instron star 
probe, and sensory characteristics were determined. Samples for proteolytic evaluation 
were selected to represent highest (n = 12; x ̄= 7.75 kg) and lowest (n = 12; x ̄= 4.95 kg) 
SP values in the entire population. Selected samples were within defined ranges of pH 
(5.56 – 5.86), marbling score (1.0 – 3.0), and lipid content (1.61 – 3.37 %).  
 
Immunoblots were used to determine the abundance of intact filamin in samples from 
high and low SP value groups. Gradient (4 - 12 %) acrylamide TEA-Tricine gels were 
loaded with whole muscle protein samples (80 µg). Gels were run for approximately 360 
volt hours. An internal protein sample reference was generated from an aged pork 
longissimus muscle. Primary antibody concentration of 1:1,000 α-filamin and secondary 
antibody concentration of 1:20,000 goat anti-rabbit were used. Immunoblots were 
quantified using densitometry. Spots from SDS-PAGE gels were excised and tandem 
mass spectrometry was used to confirm the identity of the bands hypothesized to 
contain intact and degraded filamin.  
 
Intact filamin was 32.8 % less abundant in low SP value samples than high SP value 
samples (P < 0.01). Peptides from the intact band were dispersed evenly throughout the 
entire protein, exhibiting successful identification of intact filamin (homo sapiens, 
accession # Q14315). Identification of peptides from the degraded band included 
peptides from the entire protein, excluding amino acids (AA) at the carboxy-terminal 
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(2616-2725). Intact filamin from homo sapiens is 98.6 % similar to sus scrofa (accession 
# F1SMN5_PIG).  
 
Filamin is necessary to maintain the integrity of muscle structure. Postmortem 
degradation of filamin results in loss of organizational structure at the Z-disk and 
improves meat tenderness. We successfully identified intact (290 kDa) and degraded 
(278 kDa) filamin in aged pork loin. The removal of 109 AA is likely the first cleavage of 
intact filamin observed in postmortem muscle. A significant decrease in abundance of 
intact filamin in low SP value samples demonstrates that degradation of filamin varies 
when aging period and pH are similar. Filamin degradation was significantly different in 
SP groups, suggesting that proteolysis and removal of the carboxy-terminal of filamin 
may have an impact on the SP values of aged pork loin.  
 
filamin, pork, proteolysis, tenderness  
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Influence of postmortem aging of fresh pork loin on instrumental tenderness and 
abundance of a soluble desmin degradation product. 
A.C. Outhouse*, K.J. Prusa†, C.A. Fedler†, E.M. Steadham*, M. D. Schulte* E. Huff-
Lonergan*, S.M. Lonergan* 
*Iowa State University, Department of Animal Science, Ames, Iowa 50011                                  
†Iowa State University, Department of Food Science and Human Nutrition, Ames, Iowa 
50011 
 
It is well understood that aging fresh pork loins will improve tenderness. The 
explanation for this phenomenon is degradation of myofibrillar, cytoskeletal, and 
intermediate filament proteins by endogenous proteolytic enzymes.  Recently, the 
abundance of a desmin fragment in the sarcoplasmic fraction of aged pork has been 
linked to differences in pork tenderness. The objective of this experiment was to 
document the abundance of this desmin degradation product in the sarcoplasmic 
fraction during aging of fresh pork loin and determine its relationship to fresh pork 
tenderness.  
Loins (n = 20) were collected 1 day postmortem at a commercial processing facility. 
Criteria for inclusion in the study was an average pH between 5.70 and 5.85 and a visual 
color score (National Pork Board) between 3 and 4. Two loin chops containing only the 
longissimus muscle (2.54 cm and adjacent 1 cm chop) from each loin were aged 1, 3, 7, 
or 14 d.  Upon completion of aging, 2.54 cm chops (never frozen) were used to 
determine Hunter L, a, b, pH, color scores, and marbling scores.  These chops were then 
cooked to 68 °C and evaluated for cook loss and star probe (kg).  The 1 cm thick chops 
were frozen and homogenized in liquid nitrogen at the end of each aging period. 
Proteins were fractionated to isolate proteins soluble in a low ionic strength buffer (40 
mM Tris, 1 mM EDTA, pH 8.0).  Abundance of a desmin degradation product (34 kDa) in 
the sarcoplasmic fraction was determined by immunoblotting and normalized to the 
abundance of a reference sample on each gel.  Data were analyzed with a fixed effect of 
days of aging, and a random effect of loin. Pearson correlations for the quality variables 
were calculated.  
Star probe values declined with aging (7.9 kg, 6.4 kg, 5.6 kg, and 5.1 kg after aging 1, 3, 
7, and 14 d respectively).  Each aging period showed a significant decline in star probe 
(P<0.05). The abundance of the desmin degradation product in the sarcoplasmic fraction 
significantly increased between 1, 3, and 7 d aging (P<0.01).  No difference in desmin 
fragment abundance was observed in a comparison of samples aged 7 and 14 d.  Across 
all days of aging, star probe was positively correlated with cook loss (r = 0.59), and 
weakly correlated with pH measured on the day of aging (r = 0.29). Across all aging 
periods, desmin degradation product abundance was significantly negatively correlated 
(r = -0.49) with star probe values. Abundance of the desmin degradation product in the 
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sarcoplasmic fraction measured after aging 1 d postmortem was significantly negatively 
correlated with star probe measured 3,7, and 14 d postmortem (r = -0.46, -0.44, and -
0.45 respectively). Presence of soluble desmin in early postmortem pork may aid in 
predicting pork loin tenderness after aging. Therefore, results of this study demonstrate 
promise of using the abundance of a desmin degradation product in the sarcoplasmic 
fraction of early postmortem pork to predict fresh pork tenderness 
Keywords – desmin, pork, proteolysis, tenderness 
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DISEASE IMPACT ON CARCASS COMPOSITION AND MEAT QUALITY OF PIGS SELECTED 
FOR HIGH AND LOW RESIDUAL FEED INTAKE 
Amanda C. Outhouse1*, Emma T. Helm1, Brian M. Patterson1, Jack C. M. 
Dekkers1, Wendy M. Rauw2, Kent J. Schwartz3, Nicholas K. Gabler1 and 
Elisabeth Huff-Lonergan1, and Steven M. Lonergan1 
1Department of Animal Science, Iowa State University (ISU), Ames, Iowa;  
2Department of Genética Animal, INIA, Madrid, Spain; 
3School of Veterinary Medicine, Iowa State University, Ames, Iowa; 
*Corresponding author email: aco@iastate.edu 
 
Abstract – The objective of this research was to test the hypothesis that selection for 
differences in feed efficiency changes the response to a disease challenge. Pigs 
divergently selected for low and high residual feed intake (11th generation of ISU RFI 
project) were inoculated with Mycoplasma hyopneumoniae and Lawsonia intracellularis 
(MhLI) at approximately 68 kg live weight to elicit a dual respiratory and enteric health 
challenge. Pigs were grown to market weight (approximately 125 kg) and harvested using 
standard commercial procedures to evaluate carcass composition and meat quality. 
Dressing percentage from infected pigs was lower than controls. Differences in purge, 
color, cook loss, moisture, and protein were due to genetic line and were not impacted 
by the health challenge.  
Key Words – feed efficiency, Lawsonia intracellularis, Mycoplasma hyopneumoniae 
I. INTRODUCTION 
 
Residual feed intake (RFI) is defined as the difference between expected and observed feed 
intake based on average daily gain and backfat. Low RFI (LRFI) pigs are more feed efficient 
than high RFI (HRFI) counterparts. The objective of this study was to determine the extent 
to which a dual respiratory and enteric bacterial infection impacted carcass composition 
and meat quality of pigs divergently selected for RFI. We were specifically interested in the 
interaction of RFI and health challenge. It was hypothesized that line and challenge would 
impact carcass composition and pork quality.  
II. MATERIALS AND METHODS 
 
A 2 x 2 factorial design was used to design this project. One hundred barrows from the 11th 
generation of pigs from the Iowa State University RFI selection project were used. Half of 
the pigs (approximately 68 kg) were placed in an adjacent room and inoculated with 
Mycoplasma hyopneumoniae and Lawsonia intracellularis (MhLI), after a three-week 
adjustment period.  Forty-seven of these pigs were fed until market weight (approximately 
125 kg) and harvested using standard commercial procedures. Shrink was calculated as the 
weight loss of pigs during transportation and lairage. Carcass weight, dressing percentage, 
and fat free lean (%) were evaluated. Loins were removed and chops were cut (2.54 cm). 
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Two chops were weighed at 1 and 3 days postmortem to determine purge loss. Chops for 
quality evaluation were vacuum packaged and aged 14 days before measuring pH, color, 
marbling, cook loss, and star probe. Chops for proximate analysis were frozen 1 day 
postmortem, homogenized in liquid nitrogen, and analyzed [1].  
III. RESULTS AND DISCUSSION 
 
Carcass data (Table 1) showed there were no significant differences (P > 0.05) for genetic 
line, health challenge, or line x health challenge interaction for shrink, carcass weight, or fat 
free lean. Control pigs had a higher dressing percentage than pigs challenged with MhLI 
early during growth. The explanation for decreased dressing percentage is not known, but 
it may be due to thickened viscera from the Lawsonia infection.  
Table 1 Main effects of RFI line and infection and interaction of line x infection on carcass 
composition traits: shrink (%), carcass weight (kg), dressing (%), and fat free lean (FFL; %) 
 
Neither line or health challenge affected star probe, subjective marbling scores, or fat 
content (P > 0.05, Table 2). Chops from LRFI animals exuded less purge and decreased 
cooking loss (P < 0.05). This may indicate an improved water holding capacity of loin chops 
from LRFI pigs. This is consistent with previous results [1]. Chops from LRFI pigs also 
consisted of a higher percentage moisture and protein than chops from HRFI animals (P 
< 0.05). 
 
 
 
 
Treatment 
 
P-value 
Item 
LRFI 
Control 
HRFI 
Control 
LRFI 
Infected 
HRFI 
Infected 
SEM 
RFI 
Line 
Infection 
RFI Line x 
Infection 
Shrink (%) 4.16 4.14 4.29 4.42 0.065 0.858 0.519 0.818 
Carcass 
(kg) 
93.72 92.07 91.86 95.52 0.850 0.584 0.646 0.131 
Dressing 
(%) 
78.07 77.89 77.38 77.25 0.197 0.698 0.049 0.930 
FFL (%) 49.61 48.82 51.42 49.01 0.594 0.249 0.292 0.387 
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Table 2 Main effects of RFI line and infection and interaction of line x infection on fresh 
loin chop quality and proximate composition 
IV. CONCLUSION 
 
Results depict improved quality attributes of pork from pigs selected for LRFI. Pork loin 
quality of market weight pigs was not influenced by a dual respiratory and enteric health 
challenge early in the growth period, but dressing percentage of control pigs was higher 
than pigs that had been health challenged early in growth.  
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 Treatment  P-value 
Item 
LRFI 
Control 
HRFI 
Control 
LRFI 
Infected 
HRFI 
Infected 
SEM 
RFI 
Line 
Infection 
RFI Line 
x 
Infection 
pH 5.52 5.47 5.53 5.48 0.014 0.028 0.802 0.850 
Hunter L  46.29 50.53 47.76 50.34 1.030 0.003 0.463 0.193 
Subjective 
Color 3.60 2.91 3.23 3.07 0.148 0.031 0.456 0.058 
Subjective 
Marbling 1.77 1.97 1.58 1.92 0.088 0.284 0.425 0.624 
Purge (%)  2.46 3.85 2.62 3.59 0.346 0.009 0.908 0.614 
Cook Loss 
(%) 19.63 22.93 19.31 22.54 0.947 0.001 0.663 0.965 
Star Probe 
(kg) 5.74 6.00 6.12 5.91 0.090 0.761 0.697 0.248 
Moisture 
(%) 73.94 73.31 73.87 73.26 0.179 0.010 0.727 0.931 
Protein (%) 25.08 24.49 24.96 24.45 0.161 0.027 0.607 0.814 
Fat (%)  1.53  1.98  1.61 2.00 0.123 0.128 0.707 0.845 
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